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Abstract

High temperature ultrasonic transducers (HTUTSs) have been developed for non-
destructive evaluation (NDE) of metals and on-line monitoring of industrial polymer
processes at elevated temperatures. Developed HTUTs are two types; one is sol gel
sprayed HTUTs and the other is a crystal of high Curie temperature permanently bonded
onto a steel substrate by brazing or diffusion bonding. In sol gel method, piezoelectric
powders were dispersed into sol gel precursor. Sol gel precursor of Al,Os, PZT or BIT,
serves as adhesion material between powders, LT, PZT or BIT and a substrate to be
coated. Spray technique was used so that thick fims could be fabricated even onto curved
or large surfaces. The composite material, BIT/PZT, derived from bismuth titanate (BIT)
powders and lead zirconate titanate (PZT) sol gel precursor had presented excellent
characteristics, such as high signal-to-noise ratio, broadband frequency, and acceptable
signal strength up to more than 450°C. The film properties such as dielectric constant,
piezoelectric constant, density and electromechanical coupling coefficient were
characterized. Nondestructive testing of extent of sub-surface defect using BIT/PZT film
HTUT was given at 440°C.

High temperature immersion type HT ultrasonic probes using BIT/PZT film were
also fabricated. They were immersed in molten zinc at 450°C, and able to measure the
thickness of the steel sample. Surface and sub-surface imaging with fine resolution were

obtained using this HT ultrasonic probe with a focused lens in silicone oil at 200°C.

On-line monitoring of industrial polymer processes had been performed. Sol gel
HTUTs had been fabricated on a steel extruder adaptor of a polymer extruder machine,
mold inserts of an injection machine and a micro-molding machine, and a barrel of the
micro-molding machine. Ultrasonic signals were obtained at the elevated temperatures.
The capability for monitoring the barrel wear and screw status during polymer extrusion
at 190°C and the filling completion conditions for injection molding at 120°C and micro-

molding processes up to 200°C have been shown.



Brazing and diffusion bonding had been tried to establish permanent acoustic
bonding between a lithium niobate crystal and a steel substrate. The HTUT fabricated by
brazing technique had demonstrated broadband characteristics up to 460°C.The HTUT
made by diffusion bonding technique had also demonstrated broadband characteristics up
to 350°C. This latter HTUT had 20 dB higher signal strength than that of the sol gel
BIT/PZT thick film HTUTs.
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Résumé

Des capteurs ultrasoniques a hautes températures (CUHT) ont été développés pour
I'évaluation non destructive des métaux et pour le suivi en ligne des procédés industriels
de polymeéres aux températures élevées. Les CUHTs développés sont de deux types: I’'un
est basé sur la pulvérisation d’un gel de solénoide contenant des particules
piézoélectriques sur un substrat métallique, et 1’autre est un cristal piézoélectrique a
température de Curie élevée collée de fagon permanente sur un substrat en acier soit par
la soudure ou par ’adhésion par diffusion. Dans la méthode de gel de solénoide, des
poudres piézoélectriques sont dispersées dans un précurseur de gel de solénoide. Le
précurseur de gel de solénoide a base d'Al;Os, ou de titanate de zirconate de plomb
(PZT), ou de titanate de bismuth (BIT), sert du matériau adhésif entre les particules de la
poudre de titanate de lithium (LT), ou de PZT, ou de BIT, et le substrat a enduire. Une
technique de pulvérisation a été utilisée de sorte que des films épais aient pu étre
fabriqués méme sur les surfaces incurvées ou grandes. Le matériau composite, BIT/PZT,
obtenu par I’utilisation de la poudre BIT et le précurseur de gel de solénoide a base de
PZT ont présenté d'excellentes caractéristiques, telles que le rapport signal-sur-bruit
élevé, une large bande passante de fréquence, et le niveau d’intensité acceptable du signal
jusqu'a qu’a 450°C ou plus. Les propriétés de film telles que la constante diélectrique, la
constante piézoélectrique, la densité et le coefficient d'accouplement électromécanique
ont été mesurées. Une évaluation non-destructive du défaut sous-surface d’un échantillon

a été effectuée 4 440 °C a I’aide d’un CUHT a base du film de BIT/PZT.

Des CUHTs d'immersion employant le film de BIT/PZT ont été également
fabriqués. Ils ont été¢ immergés dans le zinc fondu a 450 °C et ont montré la capacité de
mesurer I'épaisseur d’un échantillon en acier immergé également dans le zinc fondu. Des
images a fine résolution sur la surface vers le haut et celle vers le bas d'une picce de
monnaie des USA ont été obtenues dans une huile de silicone a 200 °C en utilisant un

CUHT d'immersion focalisée du méme type.
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Le suivi en ligne de la mise en forme industrielle des polymeéres ont été effectué.
Des CUHTSs a base du film de BIT/PZT ont été fabriqués sur un adaptateur en acier monté
sur une extrudeuse de polymere, sur la moule d’insertion d'une machine d'injection, et sur
la moule d’insertion et le fourreau d'une machine de micro-moulage. Des signaux
ultrasonores ont été obtenus aux températures élevées. Le suivi par l’utilisation ces
capteurs de 'usure du fourreau et de I’état de la vis pendant I'extrusion de polymere a 190
°C, ainsi que le suivi des conditions de remplissage de la moule durant I’injection a

120°C et durant le micro-moulage aux températures jusqu'a 200°C ont été montrés.

Des CUHT employant un cristal de niobate de lithium ont été fabriqués et étudiés.
La soudure et 1’adhésion par diffusion ont été essayées pour créer une liaison permanente
entre un cristal de niobate de lithium et un substrat en acier. Le CUHT fabriqué par la
technique de soudure a montré une large bande passante de fréquence jusqu'a 460 °C. Le
CUHT fait par la technique d’adhésion par diffusion a également montré une large bande
passante de fréquence jusqu'a 350°C. Ce dernier a été 20 dB plus puissant que le CUHT a
base du film épais de BIT/PZT.
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Chapter 1

Introduction

1.1- Background

Nondestructive evaluation (NDE) of materials has attracted considerable attention
for the last several decades [1,2]. Sensors and actuators may be embedded into or bonded
directly onto these materials and structures, so that they can be employed as ultrasonic
sensors and actuators effectively. Piezoelectric materials are key candidates for such
application, since they can be used as both sensors and actuators. Lead zirconate titanate
(PZT) has been often utilized for many piezoelectric and ultrasonic applications, because
it has a high electromechanical coupling factor [1,3]. Effective sensors, materials and
structures are demanded to improve the performance for aerospace, transportation,
construction, and other engineering systems [2,3]. However, most previous sensors have
focused on room temperature operations and implementation of them in aerospace and
other areas may be limited because of the severe conditions, such as large temperature
variations [4]. Furthermore, during industrial operations, such as at nuclear power
generation plants [5,6], galvanization plants [7], efc., inspection of hot objects in harsh
environments is required to avoid serious accidents such as leakage of hot steam or
molten zinc. High spatial resolution and miniaturization of high temperature (HT) sensors
are essential in order to develop a convenient inspection system that can operate under

such severe conditions.

Furthermore, on-line monitoring is desired for industrial polymer processes
because it 1s important for industries to strengthen their competitiveness in an
mcreasingly globalized world. High quality products with varieties and in low cost
become crucial objective for any industries to exist and grow. This leads to the recent

developments in advanced polymers and processes, and improved process monitoring and



control of material processing [8-13]. On-line feedback from the monitoring sensors to
the control system allows direct supervision of the manufacturing process, and assures the
quality of the finished products [8-11,14,15]. Most industrial polymer processes are
operated at elevated temperatures up to 350°C. Therefore, the development of cost

effective HT sensors for on-line monitoring is of great interest [8,9,14,16,17].

Conventional sensors to monitor and control industrial material processes are
mostly limited to thermocouple and pressure sensors. However, both types of sensors
have limitations, such as slow response, unsteadiness, and non-repeatability, which often
do not satisfy the necessary requirements for an on-line measurement system [18]. For
example, melt temperature is measured by thermocouples, which have large thermal mass
in order to protect the probe against the abrasion and high pressure, resulting in slow
response [8]. Also sensitivity must be taken into account. Commonly pressure sensors
have a threshold below which reliable reading may not be obtained. In addition, for
polymer injection molding process, polymer melt flow speed and the filling condition are
crucial process parameters. Although pressure and temperature sensors can be used to
detect these parameters, however, due to the slow response time or low sensitivity, the
measured melt arrival and filling time is usually slightly longer than the actual time. This
fact means that these two conventional sensors cannot provide accurate measurements

[19].

Furthermore, these traditional sensors need to contact with or be located very
close to the melt being monitored. Access holes often need to be drilled to the
manufacturing machine in most cases. Such drilling may not be acceptable by the
manufacturer. Micro-molding process is a mass production technique to manufacture of
so called lab-on-a-chip devices [20-22]. This process can mold micro channels with
extreme precision, a key to fabricate disposable, miniature diagnostic devices in large
quantity. Therefore, this fabrication process is an alternative to replace the present
expensive serial fabrication methods associated with silicon substrates, and promises
breakthroughs for micro electromechanical systems (MEMS). However, polymers must

be selected and modified to meet the requirements of the narrow process windows



involved with their flow, solidification and microstructure development in micron-sized
channels. Because of this complexity, on-line and fast response process monitoring is in
demand to improve the quality of the product and optimize the process [23]. For this
process, the above mentioned temperature and pressure sensors present difficulties with
regard not only to on-line monitoring and response time, but also sensor placement, since
the machine size for micro-molding is much smaller than that of conventional injection

molding. Miniature sensors attached to the barrel and the mold are highly desired.

In addition, there is a demand to monitor the barrel and screw status for polymer
extrusion. During polymer or metal extrusion process, barrel wear, screw wear, screw
misalignment and these deflections are crucial factors affecting the quality of the product.
Wears occur because of various reasons, such as abrasion, corrosion, delamination, etc.
[24-26]. Wear can be reduced by methods such as proper selection of barrel and screw
materials or coatings, but screw and barrel wear is inevitable. Once wear occurs, the
clearance between the screw flight and the barrel increases. Even a relatively small
increase in clearance can cause a significant loss of production efficiency, because of
leakage flow [26-28]. Generally, in order to check the condition of barrels and screws,
off-line mechanical measurements are carried out, inducing huge production losses, in
particular, for large production extruders. This indicates that sensors capable of
monitoring barrel and screw status on-line are in demand for the extrusion industry. The
conventional thermocouples and pressure sensors cannot be used for such sensing

function.

In order to be useful for NDE of hot objects and on-line monitoring of industrial
polymer processes, a monitoring sensor must withstand the required temperatures, often
with thermal cycles. For NDE applications, the temperatures for the cooling pipe of
nuclear power generation plants and the molten zinc are < 400°C and 450°C, respectively
[5,6,7]. Manufacturing processes are usually carried out at elevated temperatures, for
example, the nominal temperature at the external mold surface for polymer injection
molding is around 50°C [29], while that of the barrel for polymer extrusion could be
between 200 and 350°C [30], and that of the die for aluminum and magnesium die-



casting around 350°C [31]. Some applications require much higher temperatures, for
example, the temperature of superheated steam is 565°C in aero-engine manufacturing
and operation [32]. Further potential applications exist in the automotive sector; sensors
are exposed to more than 350°C while measuring automobile exhaust [33]. This clearly

indicates that there is a need for HT sensors.

Ultrasonic transducers (UTs) are attractive candidates for on-line process
monitoring. Ultrasonic techniques are simple and economical, and can be used
nondestructively and non-intrusively. Because of advancements in computer technology
industry, fast data acquisition and real-time monitoring has been possible [23,34,35]. It is
also well known that one of the main advantages of ultrasound is its ability to propagate
in optically opaque materials. It can be used to probe not only the subsurface defects but
also the viscoelastic properties of the materials. The material properties, such as viscosity,
density, Young’s modulus, shear modulus, composition and percentage of fillers in
polymers, flow front, solidification, shrinkage, etc., may be probed using reflection
coefficients at the interface, e.g. between the steel mold and melt, velocity, attenuation,
and scattered signal in the melt through the manufacturing machine [34,35]. Since
ultrasound velocity in the melt or steel mold is a function of temperature [23], UTs can be
used as temperature sensors. Furthermore, UTs can be used for nondestructive testing of
materials, because subsurface defects, voids, etc. and their location, size, shape, and

distribution may be studied and imaged.

Piezoelectric materials are commonly used in typical UTs because they are low
cost, and exhibit high efficiency of generating and receiving ultrasound. As a result,
piezoelectric materials have been dominant sources as UTs to generate and receive
ultrasound [36]. Several other UTs have been also developed to operate at elevated
temperatures, such as electromagnetic acoustic transducer (EMAT) [37-40] and laser
ultrasound [41-44]. However, EMATs are generally inefficient in generating and
receiving ultrasound so that the signal-to-noise ratio (SNR), defined in this thesis as the
ratio of the amplitude of the first echo signal traveling one round trip through the

thickness direction, over that of the spurious noise as shown in Figure 1.1 between the



echoes traversing back and forth within the sample, is normally not high enough for
practical use such as on-line monitoring of industrial polymer processes. Laser ultrasound
can perform fast on-line scanning and probe materials of complex shapes; but currently
this technique is expensive, low repetition rate (< 200 Hz), and requires the use of

moderate-power lasers to avoid damage [13,34].

Signal

Figure 1.1: Schematic showing a signal and associated noise.

However, development of high temperature ultrasonic transducers (HTUTS) is still
a challenging theme, containing many issues to be overcome for real use. One of the
major hurdles is the deterioration of the piezoelectricity due to elevated temperatures. The
simplest configuration of piezoelectric UTs is a simple disc type and they can be directly
attached to the objects for ultrasonic measurements. This arrangement is simple and
inexpensive. But if piezoelectric materials are used for high temperature processes,
piezoelectric UTs will then have to function at elevated temperatures. Piezoelectricity
comes from anti-symmetric structure within unit crystals [36]. For piezoelectric ceramics,

strong electric field is applied to produce their piezoelectricity and this operation is called



as poling. At the Curie temperature (T.), the structure of the unit crystal transits to a
structure of higher symmetry; as a result, there is no more piezoelectricity. Once
piezoelectricity is lost, it does not recover even below the T, unless the materials are
subjected to a strong electric field, so that re-poling occurs. In addition, when
piezoelectric materials are heated up, their internal kinetic energies increase. As a result,
dipoles that are oriented during poling tend to return to random orientation above certain
temperature; thus piezoelectricity decreases. This degrading effect is known as “thermally
activated aging”. Generally, a recommended maximum operation temperature of UTs is
considered as half of the T, [45]. The most commercially available and high piezoelectric
strength piezoelectric ceramic materials are still PZT families, because of their relatively
high T.. The T, of hard PZTs is around 360°C [36] and it is not sufficient for certain
applications. Lithium niobate (LN) single crystals are a well known, high T,
commercially available piezoelectric material, too. The Curie temperature is around
1150°C [34,45]. According to the assumption of “thermally activated aging”, the
maximum recommended operation temperature is approximately 600°C. However, it is
also reported that LN is weak in resisting thermal shock [46,47]. Lithium tantalate (LT)
has the same unit crystal as that of LN, and the piezoelectric and optical characteristics
are almost similar as LN, except for lower T, such as 620°C [48]. Aluminum nitride
(AIN) 1s another HT piezoelectric material. AIN UT exhibited piezoelectric response up
to 1150°C [49]. Unfortunately, not only in the bulk form there is no piezoelectricity, but
also during the film fabrication, the selected substrates must be heated up to 1000°C.
Because of this high temperature, very few substrates can be used and this makes AIN not
practical for the applications mentioned in this thesis. Furthermore it is almost difficult to
fabricate a thick enough AIN film to have operation frequency less than 10 MHz for
industrial material process monitoring. Since molten polymers and metals have high
ultrasonic attenuation, the center frequencies of HTUTs are preferred to be less than 20
MHz. A number of new piezoelectric crystals are reported, such as Langasite
(La3GasSi014), which offered promising piezoelectric behavior up to 900°C. This material
is an excellent substrate for surface acoustic wave (SAW) and bulk acoustic wave (BAW)
devices [50]. Many companies have started production, so single crystal wafers are

commercially available. But this material’s piezoelectricity is too weak to use as a HTUT



for the applications of the interest. Therefore, the choice of piezoelectric materials for

HTUTs seems quite limited.

Other hurdles for piezoelectric transducers to operate at high temperature are the
couplant between the HTUT and the objects to be tested or monitored, and backing
material. Usually liquid couplant exists between the piezoelectric UT and the object to
enable efficient ultrasonic transmission. However, the liquid couplant evaporates at
elevated temperatures; after certain time, refreshment is required. Therefore it is not ideal
for continuous monitoring at elevated temperatures. Dry ceramic powder or refractory
adhesive cement can be an alternative HT couplant, and can work at above 300°C [51,
52]. However, the signal strength and SNR become worse because of the porous
microstructure of these couplants after drying [53]. As another solid couplant, a thin
metal film such as gold or aluminum foil can replace the liquid couplant. In this case, in
order to obtain an acceptable ultrasonic transmission, pressure of >10 N/mm? should be
applied between the stand-alone UT and the object [54]. For the on-line ultrasonic
monitoring, HTUT of broadband frequency spectrum is much preferred. For room
temperature UT, backing material is widely used to achieve broadband characteristics.
tungsten/epoxy composite has been mainly used as a backing material, because of its high
absorbance and good acoustic impedance matching with the piezoelectric ceramics [55].
However, not only most organic material cannot withstand 250°C [56], but also materials
and methods cannot survive due to different thermal expansion coefficients of the backing
material and metal electrodes for piezoelectric UT. It means that the broadband frequency

characteristics will deteriorate during thermal cycling.

Several stand-alone HTUTs are commercially available from Etalon (Lizton, IN),
RTD/Panametrics (Waltham, MA), GE/Krautkramer GmbH (Cologne, Germany), RTD
(Rotterdam, Netherlands), Ultran (Boalsburg, PA), Ishikawajima Inspection and
Instrumentation Co. Ltd. (Tokyo, Japan), Sigma Transducer Inc. (Kennewick, WA), etc.
These stand-alone HTUTSs can operate at elevated temperatures up to 500°C, but their
SNR is not high (normally less than 20 dB) [57]. They can be used to measure the

thickness or corroded pipes; however, they are difficult to be applied for on-line



monitoring of the industrial material process, such as polymer extrusion and injection
molding, because of their poor SNR. For HT ultrasonic measurements, buffer rods are an
easy and effective way to insulate UTs from elevated temperatures. Most commercial
HTUTs use buffer rods or delay lines [31,34,57-61]. The combination of buffer rod, room
temperature broadband UT, and cooling system, enables us to monitor at elevated
temperatures, such as 960°C in liquid aluminum, with good signal strength, high SNR,
and broadband [34,59,60]. This design is already being used for on-line monitoring of
die casting [31], injection molding [57], and semi-solid metal monitoring [61]. However,
the system using buffer rod is bulky because of the cooling system. The size must be
taken into account with regard to the placement of the sensors. In addition, the concern of
the HT couplant between the HTUT and the buffer rod still exist [57]. If the HTUT can be
deposited or glued on the buffer rod, the cooling system could be avoided, or the

maximum operating temperature could increase.



1.2- HTUTS for nondestructive testing of metals and real-time

industrial material processing monitoring

Development of HTUT for NDE of metals at elevated temperatures and on-line
monitoring of industrial polymer processing is highly desired. They are preferred to have
maximum operation temperatures between 200-500°C, with broad frequency bandwidth,
2-30 MHz center operation frequency, adequate signal strength, high SNR, no couplant
and no cooling system requirement. To develop such HTUTs is one of the main
objectives in this thesis. Two directions will be introduced: Sol gel spray HTUTs, and

HTUTs permanently bonded onto a metal substrate, such as the delay line or buffer rods.
1.2.1- Sol gel spray HTUTSs

The sol gel technique uses chemical thin film fabrication, and it is attractive
because of low capital cost and low processing temperature. It has been known for several
decades; one of the earliest published works was on silica gel, in 1864 by Graham [62].
Subsequently, oxide coatings were obtained from organic precursors by the sol gel
method; organo-metallic precursors of the desired ceramic oxide are mixed and dissolved
into an appropriate solvent. The simplest method of preparing the solution is to dissolve
metal alkoxides in water/alcohol mixtures. Payne, ef al. invented a sol gel process for
PZT and LN [63]. To improve stability, water-based solutions were pioneered by Yi and
Sayer [64], and further developed by Schwartz, et al. [65]. The solution is coated onto the
substrate by spin, dip, or spray coating, and the coated film is dried to remove the organic
material. During the firing process, the organic residues in the film are pyrolyzed and
oxidized; thorough crystallization is obtained during annealing. Coating and thermal
treatments are multiplied until the film reaches the desired thickness. A perovskite phase,
in which PZT exhibits the piezoelectricity, appears above 450°C, even though the PZT
ceramics sintering temperature is greater than 1000°C [66]. Each coating adds 0.2 pm
[67]; at least 100 pm thickness is required for relatively low MHz center operating

frequency, since UTs operate in the thickness mode. This process is time consuming, and



increases capital cost. In addition, the possibility of cracking and peeling increases with

the thickness, because of internal stresses during the fabrication process.

A sol gel composite technique was invented by D.A. Barrow, et al. to fabricate
thick films up to 200 pum [68]; a selected ceramics powder is added to the sol gel
solutions. After preparing the composite sol gel solution, the following fabrication
process is almost the same as the traditional sol gel method. PZT (ceramic powder)/PZT
(sol gel) shows lower dielectric constant and lower piezoelectric charge coefficient than
traditional sol gel-derived PZT [67]. Using powder introduces more pores into the film; as
a result, the desired thickness for a required frequency decreases because ultrasound
velocity is reduced according to porosity. This porosity also increases frequency
bandwidth but at the same time, deterioration of piezoelectricity. Furthermore, no
couplant is needed because the piezoelectric film is directly attached to the substrate.
Such attachments also significantly enhance the frequency bandwidth. In sol gel
composite films, the sol gel seems to work as an adhesive material between powder and
powder, and powder and substrate; therefore we can say that efficient structures,
embedded into or bonded directly onto the host materials, may be realized by this
technique, which is suitable for some applications, for example, micro-molding process
monitoring or aerospace engineering. Preliminary results of PZT/PZT and LN/LN
broadband UTs made by this technique have been demonstrated [69]. Since the sol gel
technique is a chemical method, the recipe is not established for many piezoelectric
ceramics. Therefore, different combinations of ceramic powder and sol gel solution have
been tried [68]. LT/PZT broadband HTUTs have been also demonstrated at 368°C
previously [69].

In this thesis, three main advances form previous works have been carried out.
First, the coating method is changed from spin to spray coating. In the sol gel technique,
HTUTs are fabricated onto the substrate directly; to serve as real-time monitoring HTUTs
for industrial material processing, they should be fabricated on the apparatus itself, such
as the barrel, die, or insert for polymer processing. In the spin coating method, the

substrate must spin at high speed, such as 2000 rpm; therefore, large, heavy and/or
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complex shaped substrates are not acceptable. Moreover, it is impossible to fabricate
homogeneous films on curved surfaces, such as barrels. By spray coating, the film can be
fabricated onto desired substrates, including metal plates, sheets, foils, cylindrical or
spherical concave or convex surfaces, and even small balls [70]. This makes sol gel
HTUTSs more practical for industrial material process monitoring. A drawback of this
approach is that porosity may increase, since compressed air is used for spray coating;

low pressure is preferable.

The second advancement is that corona discharge poling is used instead of the
traditional poling method. Corona discharge is relatively low power electrical discharge,
at or near atmospheric pressure. Positive or negative ions are produced by corona
discharge, to charge the dielectric film [71]. During corona poling, the piezoelectric film
has no top electrode so that there is no dielectric or local breakdown. Therefore corona
poling may be a suitable method for poling high T, materials. Furthermore, large area
poling is easier than by traditional poling; thus it is suitable for mass production [72]. As
mentioned above, inducing piezoelectricity in ferroelectrics requires that a high electric
field is applied to switch the domain wall. Usually PZT is poled in an oil bath, applying a
high DC electric field to prevent dielectric breakdown. However, high T. materials
present problems with this method; during the poling, the oil bath is heated up according
to the T.. At high temperatures, the oil is lost by boiling or evaporation, and is no longer
useful. Of course poling can be done without an oil bath, but the oil bath helps to prevent
dielectric breakdown. With higher temperatures and longer poling time, the possibility of
dielectric breakdown increases. Once this occurs, piezoelectricity often deteriorates

because of microcracks.

The third main contribution is the change of UT materials. As sol gel materials,
PZT and alumina (Al,O3) are selected to confirm the influence onto characteristics of the
composite material by sol gel phase. In previous sol gel HTUTs, LT was chosen as the
piezoelectric powder material, with a T, of around 620°C [69]. If we assume that thermal
activated aging is applied to LT, the recommended maximum operation temperature is

approximately 300°C. The piezoelectricity of LT is weaker than LN, and much weaker
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than PZT. Thus two different piezoelectric powders are selected, according to the
temperature range of the operation. For temperature ranges below 200°C, a soft PZT with
T, of 350°C and high piezoelectricity is selected. Hard PZTs have higher T, higher
coercive field, lower dielectric constant, and lower piezoelectric charge coefficient than
soft PZTs. They are slightly different in chemical composition; at room temperature, soft
PZTs are preferable for sensor applications because they have high sensitivity, higher
displacement, and lower mechanical quality factor value. Soft PZTs may share some hard
PZT characteristics, and vice versa. In this thesis a soft PZT with high T, was selected.
For temperature ranges above 250°C, bismuth titanate (BIT, BisTi130;2), the prototype of
a large family of layered ferroelectrics represented by the generic formula
(Bi202)* (Bi;Tiz010)”, is selected. This formula indicates that three perovskite-like units
of nominal composition BiTiOs are separated along the c-axis by (Bi,0,)*" layers [73],
providing T, of 675°C [74]; a higher operating temperature range comes from high
anisotropy, which causes a high coercive field. Its piezoelectric voltage coefficient is
suitable for sensor applications. As a result, HTUTs operated up to 500°C are expected

using BIT powder.

1.2.2- HTUTSs permanently bonded onto metal substrates

In order to increase signal strength, other types of HTUTs is developed using
permanent bonding of LN single crystal HTUTSs onto metal substrates, such as delay lines
or buffer rods. It is difficult to establish good acoustic bonding because any porosity
inside the bonding layer can cause signal deterioration by significant increase of ringing
effect of UT and many spurious modes [54]. Therefore, an improved bonding is required
between HT piezoelectric UTs and buffer rods or substrates. Since bulk piezoelectric UTs
are used in such an approach, the piezoelectric strength of the UTs is higher than the thick
film UTs made by sol gel method in which porosity exists. Two bonding methods,

brazing and diffusion bonding will be investigated.
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Brazing involves the well-known technique of high temperature soldering. The
brazing material is melted at high temperature, making thin composite layers between the
brazing material and the objects to be bonded. Since the objects are not melted, they
receive less damage than from welding. Brazing between metal and ceramics is not a new
idea [75-77], nor is brazing between metal and piezoelectric crystals [5,78,79]. Generally,
successful brazing bonding should provide excellent joints, and acoustic impedance

matching should be proper to obtain broadband characteristics without backing material.

Diffusion bonding also provides excellent bonding, with operation temperatures
lower than brazing; this approach had been attempted before [5,80-83]. In this method,
thin metal or alloy film is fabricated onto both surfaces to be joined; then high pressure
and relatively low temperature are applied. By co-diffusion or self-diffusion, bonding is
accomplished. In the context of this thesis, indium cannot be used because of its low
melting temperature, even though its diffusion coefficient is high and it is utilized in
many diffusion bonding cases [80,81]. Therefore, aluminum and/or gold is selected for
ease of diffusion bonding, because they are soft metals, with high enough melting
temperature for the interests in this thesis. In the case of buffer rods, even monitoring for
molten metal, the temperature seems not to exceed aluminum’s melting point (660°C).
Vacuum conditions are preferable during bonding process to prevent oxidation [82,83]. In
reference [5], brazing and diffusion bonding was attempted, and the signal had a long
trailing echo indicated narrow frequency bandwidth, thus broadband improvement is

needed.
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1.3- Thesis content

This thesis focuses on developing HTUTSs and the application of these HTUTs for
nondestructive testing of metals and real-time monitoring of several industrial material

processes at elevated temperatures.

Chapter 2 explains the sol gel spray film fabrication. Detailed fabrication
processes, such as piezoelectric powder selection for high temperature use, sol gel
preparation, surface treatment of the substrate to increase adhesion, ball-milling, spray
coating, thermal treatments, the poling process including attempted optimization of poling
parameters, and top electrode fabrication are explained. Poling conditions and film color
changes during corona poling are discussed. Thermal cycling results are also presented

for the demonstration of the durability of these films as HTUTs.

In Chapter 3, characterization of sol gel sprayed thin film is carried out. Important
parameters for UTs such as stiffness compliance, dielectric constant, piezoelectric
constant and electromechanical coupling coefficient are introduced. And then the
measurement methods of those parameters for composite films on substrates are
explained. Resonant frequency method is introduced to measure thickness mode electrical
coupling factor ki, one of the important factors for UT, in addition to density and velocity
measurement, are explained. The dielectric constant calculation for sol gel composite
films is demonstrated by averaged calculation method with cube model and confirms the
effectiveness by comparison with experimental values. The film characteristics and
ultrasonic signals in time and frequency domain derived from several films and obtained

at room temperature and elevated temperatures are demonstrated.

Chapter 4 demonstrates the use of these thick piezoelectric films for the
realization of nondestructive testing of metallic structures at high temperature use. These
films may be embedded into or bonded directly onto the host materials so that they can be
employed as ultrasonic sensors and actuators effectively. The sol gel spray technique can

directly fabricate thick films onto various substrates and shapes, such as steel, stainless
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steel, titanium, nickel and copper substrates, with planer, spherical concave and convex,
and cylindrically concave and convex surfaces and thin sheets or foils. The ultrasonic
performances of several substrates and shapes are demonstrated at elevated temperature.
Immersion type BIT/PZT HTUTs are developed and demonstrated for thickness
measurements inside the molten zinc at 450°C and ultrasonic front and subsurface

imaging in silicone oil at 200°C.

Chapter 5 shows several industrial applications of sol gel composite sprayed
HTUTs, such as real time on-line monitoring of polymer extrusion, injection molding and
micro-molding. For polymer extrusion, LT/PZT and BIT/PZT HTUTSs are fabricated on
the surface of a barrel adapter of a polymer extrusion machine at the pumping zone. Real-
time monitoring at around 200°C is demonstrated to obtain ultrasonic signals from the
barrel and the screw, to monitor barrel wear and screw status. For injection molding,
BIT/PZT and PZT/PZT HTUTs are fabricated onto the mold insert of injection molding
machine. Real-time monitoring at elevated temperature is carried out. Ultrasonic
monitoring of the filling completion is presented. For micro-molding, BIT/PZT HTUTs
are fabricated onto the mold insert and the cylindrical barrel of a micro-molding machine,
to monitor the entire process. Their capability and real-time monitoring at elevated

temperature are discussed.

In Chapter 6, brazing bonding and diffusion bonding are examined for permanent
bonding between LN crystal and metal substrates. Signal behavior in time and frequency
domains at elevated temperatures is presented. Difficulties and possibilities of these

techniques are discussed.

Finally, Chapter 7 presents the summary and claims of originality of the thesis.
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Chapter 2

Sol gel spray coating technique

2.1- Introduction

In order to operate a piezoelectric film UT via thickness mode in a low (2-30)
MHz range for applications of the interest, film thickness must be thicker than 10 um.
Various methods to fabricate thick piezoelectric films include tape casting [84], screen
printing [85,86], jet printing [87] and hydrothermal [88] approaches have been reported.
Tape casting can fabricate films over a wide thickness range, from 0.02 to 3.0 mm.
However, this technique is not suitable for large or curved substrate surfaces, since 14-35
MPa pressure must be applied [84] to stack and laminate the film on the substrate. In
addition, the firing temperature requirement is greater than 1000°C, for example, 1265°C,
which would modify thq microstructure of steel substrates of the interest. Screen printing
and jet printing also need high temperature for example, 1450°C [85] and 900°C [87]
during firing process. These techniques are suitable for making films with complicated
microstructure, but only on planar surfaces. In addition, there is also a scale-up concern
[85,86]. The hydrothermal method is based on material synthesis and crystal growth in
water under high temperature and pressure [88]. Selective and homogeneous epitaxial
growth of PZT film is possible even on curved surfaces. The processing temperature
(140-160°C) is lower than that of sol gel technique. However, films can be fabricated
only on titanium (T1) surfaces, since this approach employs a chemical reaction between
the Ti surface and the solution. Thus Ti must be evaporated or sputter-deposited on the
substrate, unless the substrate itself is made of Ti. Therefore, this approach is not suitable
for large substrates in big apparatus. None of these techniques has been used to fabricate
HTUT for nondestructive testing of materials and on-line ultrasonic monitoring of

industrial material processes at elevated temperatures as mentioned in Introduction.
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In previous works, the sol gel technique to fabricate thin film [62-67] was
modified by D. Barrow, et al. to increase film thickness to 200 um [68]. In a modified sol
gel composite technique, piezoelectric powders were incorporated with sol gel, serving as
adhesion materials among powders, and between powder and substrate. As a fabrication
technique, spin coating, dip coating, or spray coating are all possible [68]. Therefore,
LT/PZT broadband HTUTs were fabricated directly on stainless steel or aluminum plates
by spin coating, and broadband HTUTs were realized without ultrasonic couplant or
backing material [70]. This feature is useful for continuous ultrasonic measurements at
elevated temperatures. This also suggests that ultrasonic sensors integrated into host

materials and structures may be realized.

In this thesis, a sol gel technique with spray coating is selected so that curved
surface substrates can be realized by the developed technique. Many industrial machines
have curved surfaces, such as barrels for injection molding and micro-molding, and heavy
and large parts which cannot be put on the spinner; therefore selecting a spray coating
technique is useful for monitoring industrial material processes. Corona poling is selected
instead of traditional poling, due to the ease of poling high T. materials with relatively
large areas. Because the developed techniques are simple, they may provide cost-effective
HTUTs. In this chapter, the detailed fabrication process of spray coating sol gel

composite technique is explained.

2.2- Fabrication process

The sol gel spray coating technique can fabricate thick piezoelectric films on
various substrates with different shapes. The detailed fabrication processes such as
piezoelectric powder selection, sol gel preparation, ball milling, substrate preparation,
spray coating, thermal treatment, poling, and top electrode fabrication are explained

below. The schematic of the general fabrication process is shown in Figure 2.1.
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Figure 2.1  Flowchart of fabrication process by sol gel spray coating technique.

2.2.1- Powder selection

In a sol gel composite technique, the volume concentration of piezoelectric
powder in the precursor sol gel after annealing is normally between 65-80 %, in order to
achieve 10 um film thickness build-up per spray coating, and acceptable film quality. If
the powder concentration is too low, the attainable thickness decreases due to high stress
and the objective of modifying the sol gel technique to obtain a thick film may not be
satisfied. If the powder concentration is too high, the film will have too many pores, and

composite film quality deteriorates [89].
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To serve as a thick film HTUT, the used piezoelectric powder must have a high
Curie temperature (T), since most piezoelectric materials can operate up to half of their
T, due to thermal aging effects. In this thesis, three materials are chosen as piezoelectric

powders: PZT, LT, and BIT.

PZT

As mentioned in Chapter 1, PZT [Pb(Zr, Ti)Os solid solution] was developed in
Japan in the early 1950’s [90]; even now this material is widely used because of its
superior properties, although it includes lead, which is becoming restricted in usage due
to environmental contamination concerns. Materials with higher piezoelectric coefficients
than PZT, such as lead magnesium niobate / lead titanate (PMN-PT) and lead zirconate
niobate / lead titanate (PZN-PT), are composite materials with electrostrictive material,
for which strain varies quadratically with electric field rather than linearly as for
piezoelectric material. PZN is very sensitive to temperature changes. PT is added to
improve temperature stability, but PZT is still superior in temperature stability. PZT has
high piezoelectricity and excellent temperature stability below 100°C, and low material

cost, so that 1t is still a dominant material for UTs.

The phase diagram of PZT is shown in Figure 2.2 [90]. At the morphotropic
boundary [91] between tetragonal (Fr) and rhombohedral structure (Fg), PZT
performance is almost temperature-independent, and its dielectric constant € and
electromechanical coupling factor £ becomes peak, as shown in Figure 2.3. Therefore,
generally PZT UTs use this mol concentration, for high piezoelectricity and excellent
temperature stability. Unit cells of PZT are shown in Figure 2.4. PZT has a typical
perovskite structure: below T, the unit cell is tetragonal or rhombohedral in structure;
the anti-symmetry for poled PZT below T, as shown in Figure 2.4 (b) of Ti or Zr, causes
piezoelectricity. Above T, the unit cell becomes cubic, with no piezoelectricity.
Remarkably, the deterioration of piezoelectricity starts far below T, because of thermally
activated aging. Pure PZT is rarely utilized. Commercially available PZT powder usually
includes some dopants to improve characteristics; the type of dopant divides the mixture

into soft and hard PZTs. In soft PZTs, a small amount of a donor dopant is added to the
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PZT; soft PZTs are characterized by high piezoelectric and dielectric constants, large
electromechanical coupling coefficient, high electrical resistance, low coercive field, and
low T, below 300°C. In hard PZTs, a small amount of acceptor dopant is added;
generally, hard PZTs have characteristics opposite to those of soft PZTs, such as low
piezoelectric and dielectric constants, small electromechanical coupling coefficient, low
electrical resistance, high coercive field, and high T, above 300°C. Therefore hard PZTs
may be chosen for HTUT applications, due to the higher T.. However, exceptions do exist,
for example, even in hard PZTs the maximum T, is around 360°C. Therefore PZT
application to industrial material processing is temperature-limited. In addition, some soft
PZTs exhibit characteristics of hard PZTs, and vice versa. Thus, powders should be
chosen carefully, comparing specific characteristics. In this thesis a PZT, PKI-502 from

Piezo Kinetics Inc., is selected due to its high T., which realizes high operating

temperature. Table 2.1 shows the properties of the PZT powder selected in this thesis.
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Figure 2.2  Phase diagram of PZT solid solution. P¢: paraelectric cubic, A:
antiferroelectric, Fr: ferroelectric, rhombohedral, Fr: ferroelectric
tetragonal.
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Figure 2.4 Crystal lattice distortion and ion shifts a) PZT above Curie temperature, b)
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Table 2.1  Electrical, mechanical, and electromechanical properties of PZT powder
provided by Piezo Kinetics Inc.

Density (x 10° kg/m®) | 7.7

Tc (°C) 350
Mechanical quality factor Q,, 80

Maximum operating temperature (°C) 150
Dielectric constant at 1 kHz 1800
Planar coupling factor £, 0.60
Longitudinal coupling factor k33 0.69

Longitudinal charge coefficient ds; (x 102 m/V) |-175
Longitudinal charge coefficient ds; (x 10> m/V) | 400
Longitudinal charge coefficient g;; (x 10° V-my/N) | 25.1

Young’s modulus (x 10" N/m?) 7.1

Poisson’s ratio 0.31

Elastic compliance s;,” (x 102 m%/N) 15.4

Elastic compliance s33~ (x 107" m*/N) 18.4
LiTa0O; (LT)

LT and LN exhibit many characteristics, such as electro-optical, piezoelectric,
pyroelectric, and non-linear optical properties, and low thermal expansion, used in surface
acoustic wave (SAW) and optical devices. LT and LN were developed in the 1960°s [92].
LT and LN have unique ilmenite-like corundum structures. The main difference between
LT and LN is the values of T, about 600 and 1150°C, respectively. In addition, LT has a
lower piezoelectric constant than LN. Since the powders are used in ceramic forms by the
sol gel spray technique, poling must proceed at elevated temperatures according to T,.
LT was chosen here because its T is 600°C at which the steel and aluminum substrates of
the interests will not have phase transformation. Poling at the slightly lower temperature
is practical for the fabrication on metal substrates of interest. LT powders were purchased
from Superconductive Components Inc. General properties of LT and LN are shown in

Table 2.2.
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Table 2.2 Basic properties of LT and LN

Material LT | LN
Density (x 10’ kg/m’) 7.46 | 4.64
Tc (C) 607 | 1140
Dielectric constant at 1 kHz 44.5 | 29.5

Longitudinal charge coefficient ds; (x 10> m/V ) 8 19
Longitudinal charge coefficient g;; (x 10> V-m/N) | 20 | 73
Elastic compliance 5;,° (x 10" m*/N) 4.29 | 4.90
Elastic compliance s35° (x 1072 m*/N) 3.61 | 4.07

BIT

BIT is the prototype layered ferroelectric discovered in 1949 [93], a typical
ferroelectric material with potential for piezoelectric, optical memory, and electro-optic
devices because of its relatively low coercive field, high dielectric constant, high T, of
650 °C, and high mechanical breakdown strength [94-96]. The crystal structure is shown
in Figure 2.5. The unit cell consists of three perovskite-like units, nominally composed of
BiTiO;, an oxygen-rich layer, and Bi,O,. Above T, BIT has a non-polar tetragonal
structure. Below T, a Ti ion shift causes transformation to a polar structure like PZT, a
typical perovskite material [73,74]. Its properties are shown in Table 2.3. Because of the
high degree of center anti-symmetry, it does not follow the general assumption that a
piezoelectric material should not be used above half of its T, to prevent thermal activated
aging [45]. Therefore its suitable operating temperature is expected to be 450°C or even
higher for temporally operation. BIT powders were purchased from Lorad Chemical
Corporation, FL, USA. This thesis had investigated and used this abnormal but novel
characteristic and developed BIT as HTUT materials. It becomes one of the major

contributions to this thesis research.
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Figure 2.5  Crystal lattice of BIT above Curie temperature.

Table 2.3 Electrical, mechanical, and electromechanical properties of BIT powders.

Density (x 10° kg/m’) 6.55
Tc (°C) 650
Mechanical quality factor Oy, >600
Maximum operating temperature (°C) 550
Dielectric constant at 1 kHz 120
Planar coupling factor £, 0.03
Longitudinal coupling factor &;; 0.09
Longitudinal charge coefficient ds; (x 107> m/V) -2

Longitudinal charge coefficient ds; (x 102 m/V) 18

Longitudinal charge coefficient g5; (x 10° V.-myN) | 17
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2.2.2- Sol gel preparation

The sol gel technique is a chemical fabrication method for thin film fabrication. A
solution transforms to a gel by hydrolysis and condensation reactions, expressed as

follows:

M(OR), + H,0 — M(OR),.;(OH) + ROH  (hydrolysis)
M(OR), + (OR),.1M-OH — (OR),.;M-O-M(OR),.; + ROH (condensation)
M(OR),.1(OH) + M(OR),.1(OH) — (OR),.1M-O-M(OR),.; + H,O (condensation)

where R is an alkyl radical and M is a metal. Parameters affecting the gelation and the
transition from a solution into a solid include solvent, temperature, pH value, amount of
water, mixing order and method, etc. [66] In order to maintain film quality, the solution
should be stable before thermal processing. Most parameters are established empirically;
therefore the recipe for the sol gel is crucial. In this thesis, three kinds of sol gel are used,
AL, Os, PZT and BIT. However, the Al,O; sol gel recipe is a propriety method belong to
Queen’s University which cannot be published yet, so PZT and BIT sol gel are explained

here.

As mentioned before, Payne, et al. invented a sol gel process for PZT [63]. Most
PZT sol gel recipes employ lead salt, zirconium and titanium alkoxide precursors. To
improve stability, water-based solutions were invented by Yi and Sayer of Queen’s
University, Kingston, Canada [64], and further developed by Schwartz, et al. [65] The
preliminary recipe used in this thesis was developed by Queen’s University researchers
[67], based on the recipe by Schwartz [65]. The process sequence is shown in Figure 2.6
[67]. The main difference between the recipe in [67] and that in [65] is the use of metal
alkoxide precursors, zirconium butoxide (80 wt % in 2-butanol) and titanium butoxide, to
promote solution stability in [67]. Besides, methanol was utilized as a solvent. Also acetic
acid was used to control the hydrolysis and condensation reactions of the metal alkoxide
precursors, to improve stability. In this thesis, the procedures to make PZT sol gel

followed those given in [67] in general, however, the recipe has been slightly altered such

25



as the ratio of zirconium butoxide over titanium butoxide to improve electromechanical

coupling factor according to Figure 2.3.

Zr butoxide Ti butoxide

v

Add Ti butoxide to Zr butoxide

v

Add acetic acid and mix in

v

Add methanol

v

Add lead acetate trihydrate and heat up around 85 °C to dissolve

v

Cool, and add additional acetic acid, methanol, and water

Figure 2.6  Process sequence for PZT sol gel developed by Queen’s University [67].

Sol gel derived BIT films were first reported in 1991 [97]. Since then, there had
been several reports concerning BIT thin film by sol gel technique [73,74,95,97-99]. BIT
is of in interest because it does not contain Pb which is unfriendly to environment. In this
thesis, the preliminary recipe was based on reference [74]. Bismuth nitrate pentahydrate,
Bi(NO3);-5H,O was dissolved in acetic acid. Then it was mixed with titanium
isopropoxide, Ti(OCs;H7),. Finally water was added for hydrolysis. However, the bismuth
precursor reacts easily with H,O to yield white precipitate BIONO; hence the solution is
unstable and decomposes within a short time [99]. Modification of the recipe is required

for improving the stability.
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2.2.3- Ball milling

Piezoelectric powders are dispersed uniformly in precursor sol gel to ensure a
homogeneous thick composite film. In this thesis, ball milling is used as the mixing
method; in previous research, ultrasonic mixing was used [67-69, 89]. However, the film
fabrication process of sol gel spray technique requires several days, because of the
multiple coatings and thermal treatments. In our experience, ball milling is more
preferable for long period usage. In addition, it is difficult to purchase ceramic powders
with fine particle size. For example, the particle size of the BIT powder provided by
Lorad Chemical Corporation is 200 mesh, meaning that particle size is about 80 pm. This
is too large for our purpose, and we have to make the powder finer. Ball milling was used,
because it can perform mixing and milling simultaneously. Two main reasons explain
why small particle size is preferable: improving both the stability of the composite

solution and piezoelectric properties.

The stability rate of the sol gel composite is estimated by Stoke’s Law [100],

2
Ve = %% g (pliquid = Pair ) (2.1)

where r is the radius of the powder, v, is the velocity of the particles through the solution,
n is the viscosity of the solution, prgui« and p,;, are the density of the liquid and air
respectively, and g is the gravitational constant. Assuming that the density of the PZT sol

gel is constant, Eq. 2.1 reduces to

2
v, = 2000% (22

The sol gel composite should be stable enough so that the powders can be homogeneously
incorporated during spray coating. Therefore the value of v, should be on the order of 1
um/s or less, for adequate stability. Assuming that the viscosity of the solution is around
10 cps, r should be less than 1 pm. Since the viscosity of AlO3 sol gel is higher than that
of PZT, it can tolerate slightly larger particle size than PZT.
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Particle size can influence film properties significantly. Up to a certain limit,
smaller grains have higher piezoelectric charge constant d3; and higher remnant
polarization [101,102]. The main reason may be excessive internal stress in the film due
to domain shift or phase transition during poling. In large grain-size specimens, micro
cracking occurs during poling under too strong electric fields because not only 180°
domain shift but also 90° domain shift may occur [103]. When the grain size is smaller,
below the limit point, because of phase transition the piezoelectric properties decrease.
Therefore the appropriate particle size is in the range between sub-micron and a few

microns, and ball milling is a suitable method to obtain such size.

The appropriate ratio of sol gel to powders, determined by desired film quality and
thickness [89], is incorporated and the ball-milling process is carried out. The length of
time required for ball milling depends on the desired particle size of the powder;

generally speaking, it takes several days.

2.2.4- Substrate preparation

Adhesion between the substrate and the film is important. Since composite
ceramic film has a different coefficient of thermal expansion than metal substrates,
adhesion must be strong enough so that HTUTs can endure many thermal cycles during
monitoring industrial material processes. The mechanism of adhesion is normally
composite reactions, and in most cases we do not know the precise details. Adhesion is
mainly divided into three mechanisms: mechanical, physical, and chemical bonding. The
anchor effect is a typical mechanical bonding. Dominant chemical bonding mechanisms
are van der Waals force and hydrogen bonding, between molecules or atoms of the

substrate and the film.
Surface treatments are available to enhance adhesion strength. Careful cleaning of

the substrate must be taken into account. Substrates of the interest in this thesis are metal.

Their surfaces include oil since during manufacturing which is used for lubricating and
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cooling. Oil contamination can interrupt the anchor effect, molecular bonding, and
chemical reactions, and moreover deteriorates film quality due to incorporation of
impurities. However, it is relatively difficult to remove the oil only by chemicals. Acetone
is not strong enough to remove the oil completely. Trichloroethylene is an excellent
chemical liquid for degreasing, but because of its toxic and long-term residual effects on
the environment, its usage is restricted recently. High temperature treatment is simple and
effective, but provides further contamination without appropriate cleaning before the
process. Sandpaper or sand brushing are effective means to strengthen the anchor effect
and van der Waals force. It should be noted that inadequate amounts of sol gel cause air
gaps between substrate and film, resulting in deterioration of adhesion. After sandpaper or
sand brushing, careful cleaning should be done to avoid contamination through this
process. Surface oxidation is effective for the sol gel technique, because the main
adhesion mechanism can be explained by chemical bonding, the chemical reactions of M-
OH groups on the substrate surface with M-OR groups of sol gel, as shown in Figure 2.7
[66].
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Figure 2.7 | Chemical reaction of metal oxide film to a substrate [66].
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The detailed substrate preparation process used in this thesis is explained as
follows: the substrate is first cleaned by scouring, followed by ultrasonic cleaning with
acetone and methanol. Then the substrate is put into the furnace at 650°C for 10 minutes.
The oxidized oil layer is removed by polishing with sandpaper. Finally, another scouring
and ultrasonic cleaning with acetone and methanol are employed. This cleaning process

must be performed just before spray coating.

2.2.5- Spray coating

Spray coating is superior to spin coating in terms of flexibility of substrates in
regard to the size, shape and weight. Film fabrication is possible onto a variety of
substrate shapes, such as concave or convex cylindrical or spherical surfaces, shown later
in Chapter 4. Moreover, it is easy to fabricate films onto substrates difficult to spin, such
as large and heavy materials. This change is useful since most apparatus for industrial
material processing uses heavy parts with curved surfaces, such as steel barrels of
extrusion machines. Spray coating provides more pores in the film than spin coating,
resulting in broadband characteristics for UTs, but also reduced piezoelectric strength. In
this method, well-mixed composite sol gel is sprayed onto the substrate surface using an
air gun, as shown in Figure 2.8. A simple masking method is effective to fabricate films
only in selected areas. Even paper tape can be the mask materials. Significant parameters
affecting film characteristics include air pressure, distance from the air gun to the
substrate, the moving speed of the air gun, coating angle, and coating times. Each spray

coating provides 10-15 pm thickness because of the efficiency and internal stress during

heat treatment. By multiple coating, film thickness can range to about 40-200 um.
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Sample After
Spraying with -

Figure 2.8  Setup of sol gel spraying.

2.2.6- Heat treatment

Heat treatment is crucial for sol gel to obtain high dielectric constants, because the
dielectric constant of sol gel affects the piezoelectricity of the composite film, as
discussed in Chapter 3. For crystallization, the sol gel approach requires lower sintering
temperature than bulk ceramics, and avoids the microstructure change of the substrates.
For example, steel undergoes changes its microstructure above 700°C. In this thesis, heat
treatment is divided into three steps: drying, firing and annealing. Detailed heat treatment
for PZT sol gel is described here. During drying, the sample is heated up to around 90°C
to evaporate water and solvent inside the sol gel. Firing is carried out at around 430°C to
pyrolyze and oxidize organic residues, and to transform the sol gel to amorphous PZT by
polycondensation reactions forming =M-O-M= linkages. Annealing is done at around
650°C for the film to crystallize [66]. During each step, shrinkage in the sol gel induces
internal stress; this is the main reason for cracking and peeling during thermal treatment.

The modified sol gel process succeeds in increasing film thickness, since powder does not
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shrink so much under sol gel heat treatment conditions, thus relaxing internal stress.
Simultaneously, the modified sol gel process produces more pores in the film than the
traditional sol gel process without piezoelectric powder; therefore this process is capable
of producing low frequency and broadband UTs, but with a reduced piezoelectric strength.
However, internal stress remains a subtle problem in producing films thicker than 200 um.
All three steps are conducted after each spray coating, in order to decrease internal stress
and improve yield rate, even though complete firing and annealing can be accomplished

in one cycle.

2.2.7- Poling

Poling is the process of inducing remanence polarization by applying an electric
field exceeding its coercive field to a multidomain ferroelectric material. Spontaneous
polarization, P, versus electric field, E, during the poling process is illustrated in Figure
2.9 [104]. As E increases, domain wall switching occurs with respect to the electric field
direction. When no further domain wall switching occurs, the P versus E response usually
becomes linear. When E is removed, P remains; this value is defined as remanence
polarization, Pr. The coercive field E, generally becomes minimum value near T.. In
common poling practice, the sample is poled near T for a certain time with an applied
electric field. However, under high temperature, high electric field, or long poling time
conditions, piezoelectricity decreases due to slow crack growth along grain boundaries

[103].
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Figure 2.9  Spontaneous polarization versus electric field [104].

Usually PZT ceramics are poled by applying a large DC electric field in an oil
bath, to prevent breakdown [72]. However, the oil bath can induce contamination,
especially to a porous film produced by the spray sol gel technique. It is also not
applicable for poling materials with T, higher than 300°C which is above the boiling
temperature of oil. Moreover, since both sides of the piezoelectric film need to have
electrodes to form UT, poling may be limited to a small area. Often local breakdown
occurs at weak spots, which interrupts effective poling. Poling conditions of around E =
7-9 V/um at 380°C [29] showed the best result for LT (powder)/PZT (sol gel), but poling
at higher E was disturbed by dielectric breakdown, which occurs often even under these
conditions. It is difficult to pole PZT/Al,O3, because the electric field concentrates not
into the PZT powder but rather into the lower dielectric constant material, Al,Os,
requiring a larger E to pole PZT/AL,O; [72]. However, only a smaller E = 3-5 V/um at
160°C, could be applied to PZT/AL,O;, because of the easy breakdown Al,O; sol gel
phase. Once dielectric breakdown happens, it deteriorates the piezoelectricity due to
microcracks. The difference between successful and failure poling due to dielectric
breakdown is shown in Figures 2.10 and 2.11, obtained by monitoring during the real
poling process. When capacitance is charged, current becomes almost zero. Before

dielectric breakdown, rapid increase of the current was confirmed. Therefore, during the
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traditional poling process, measuring current is a suitable method for evaluating the

poling process.
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Figure 2.10 Temperature and current transition during successful traditional poling for
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Figure 2.11 Temperature and current transition during traditional poling with dielectric
breakdown for PZT/AL,Os
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In this thesis, the corona discharge technique was selected [23]. The experimental
arrangement for corona poling is shown in Figure 2.12. High DC positive voltage is
applied to the needle which acts as a field intensifier, since corona is generated by strong
electric fields associated with small diameter wires, needles, or sharp edges on an
electrode. Several kinds of corona discharges exist, depending on the polarity of the
electric field and the geometry of the electrode. For positive corona in the needle-plane
electrode configuration, burst pulse, streamer and glow coronas and spark discharge
appear as the applied voltage increases. In our setup, glow corona is observed in almost
all cases, as shown in Figure 2.13. Variance in DC and AC components of 0.34 A and
0.02 A, respectively, was observed during corona poling because the streamer is
repetitive. The length of the plasma zone of the corona is only a few millimeters, except
that streamer corona and spark discharge occur. Outside this region, positive ions
produced by electron impacts in the plasma are transported to the grounded electrode by
the electric field [71]. The dielectric film is coated on a grounded metal plate, so that the
corona discharge from the needle is sprayed onto the top surface of the film and creates
an electric field in it. Because one surface of the film has no electrode, there can be no
shorting at weak spots. Furthermore, corona poling may be applied to pole large and

curved areas.

Corona poling was attempted for PZT/PZT, BIT/PZT, AL,Os/PZT, LT/PZT, and
BIT/BIT. Optimization of corona poling conditions for each composite film was studied.
Parameters for corona poling include temperature, electric field, and the distance between
needle and film. Since every sample for each film was fabricated at the same time under
the same conditions, we assume that particle size and film composition are almost the
same for every sample of the same material. The surface potential of the sample surface
can be estimated by comparison technique [105], but in this study applied DC voltage
was obtained. Usually the piezoelectric constant d; is used to evaluate the poling state of
ferroelectric material [106]. Since the method of measure ds; of the thick piezoelectric
films is difficult [107] and not available, evaluation of the poling state was done by

measuring the signals strength of the first reflected signal from the bottom of each
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substrate with the some thickness. The HTUTs are excited by a negative impulse, where
its peak value and duration time is about —100 V and 300 ns, respectively. The same

excitation conditions were applied to all measurements throughout this thesis.

Positioner

Figure 2.12 The experimental setup for corona poling.

Figure 2.13 Corona discharge.
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For instance, nine BIT/PZT composite films of 80 um thickness were fabricated
on mild steel (P20) discs. The distance between the needle and the surface of the sample
was fixed at 2 cm, the shortest distance for the set-up to suppress spark discharge, a high
electric field for poling is necessary. The experimental results, shown in Table 2.4,
demonstrate that optimum conditions for these nine samples are correlated with both
temperature and applied electric field. The temperatures for the best poling were 300°C
at 18.5 kV, and 225°C at 22.5 kV, which are much lower than the T, (650°C) of BIT. As
temperature increases, internal energy increases, according to the first law of
thermodynamics. When the applied voltage increases, supplied energy increases. It is
expected that there is an optimal energy for poling, but more experimental points are

required.

Table 2.4 Comparison of results for poling temperature and applied DC voltage for
BIT/PZT corona poling and signal strength of the first reflected signal from
the bottom of each substrate with the same thickness.

Sample No | Applied field (kV) | Temperature (°C) | Signal strength (dB)

a 18.5 225 -10

b 18.5 300 0

c 18.5 350 -5

d 18.5 500 -10

e 18.5 550 -30, peeling

f 22.5 25 -40

g 22.5 175 -15

h 22.5 225 -2

i 22.5 300 -10
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Color changes were noticed after corona poling; the degree of color change
depends on temperature and the applied electric field. Pictures of the samples are
presented in Figures 2.14 (a)-(i1). This may suggest that under severe poling conditions,
piezoelectricity deteriorates due to not only microcracking, but also to structure transition.
This color change does not correspond to signal strength of BIT/PZT, which depends on
the poling state of the BIT powder. Color changes disappear when samples are heated up
to 250°C after corona poling, even though this temperature is far below the maximum
recommended operating temperature of BIT. Therefore it is assumed that this color

change resulted from the PZT sol gel. The analysis will be given later in this chapter.
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Figure 2.14 Comparison of color change after corona poling of BIT/PZT. The sample
numbers correspond to those of Table 2.4.
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Seven PZT/PZT composite films of 80 pm thickness on P20 discs were also
prepared. Through many trials for PZT/PZT corona poling, good poling conditions
concerning voltage, distance and temperature were obtained. Results and photos are
shown in Table 2.5 and Figures 2.15 (a)-(g), respectively. Applied DC voltage and
distance are not mutually independent, since they are related by the electric potential at
the sample surface. Because there is discharge, the relationship between the distance and
the potential of the surface of the film is non-linear. Further research will be necessary to
obtain the distribution of voltage in a corona discharge. Assuming that the distribution of
voltage in a DC and RF glow discharge is similar to that of corona discharge, over short
distances there is an almost linear relationship. Optimum conditions for temperature and
electric potential were supposed to be the same as those obtained for BIT/PZT. Color
changes were not as obvious as with BIT/PZT, because the temperature of poling was
lower. However, it can be mentioned that a higher temperature or electric potential causes
larger poling area and stronger color change. Further research is needed to investigate
these phenomena in more detail. However, similar phenomena appeared with BIT/PZT
and PZT/PZT. As mentioned before, PZT sol gel is a highly possible key material for this

color change.

Table 2.5 Comparison of results for poling temperature, applied DC voltage, and the
distance between the needle and the sample during PZT/PZT corona

poling.
Sample No. | Temperature Applied Distance Signal
(°C) DV voltage (kV) | (cm) strength (dB)
a 125 22.5 4 -10
b 175 18.5 4 -20
C 175 22.5 5 -8
d 175 22.5 4 -8
e 175 22.5 3 0
f 175 22.5 2 -6
g 225 22.5 4 -14
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Figure 2.15 Comparison of color change after corona poling of PZT/PZT. The sample
numbers correspond to those of Table 2.5.
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X-ray diffraction (XRD) analysis was conducted on three PZT/PZT samples with
different poling conditions, since the color change is often related to phase transition.
PZT/PZT films were fabricated on silicon wafers with Pt under electrodes. The XRD
result is shown in Figure 2.16. No significant difference among them was found. There
seems to be good agreement between the XRD of PZT/PZT composite [107] and that of
bulk PZT, even though the film color difference can be observed with the naked eye. This
means even if phase transition exists in the film, it must be so small or so thin that XRD
could not detect it. Furthermore the color change may not result from phase transition; by
scratching the film, the color change was found only on the surface. Some chemical
reaction may occur between the surface of the PZT sol gel and ions; PZT sol gel and PZT
powder may not be chemically identical. XRD analysis was also conducted on a BIT/PZT
sample and XRD in Figure 2.17 only shows that the crystallization was found for BIT but
not PZT because there was no peak around 31°, where there should be the strongest peak
for bulk PZT without orientation. It is speculated that the annealing condition used for the
PZT sol gel was not sufficient to obtain PZT crystallization. Because the thermal
treatments during the fabrication process for PZT/PZT were the same as that of BIT/PZT,
PZT sol gel phase of PZT/PZT seems not to be crystallized, neither.
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Figure 2.16 XRD of PZT/PZT.
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Figure 2.17 XRD of BIT/PZT.
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Corona poling for PZT/A1,03; was processed at 175°C, 22.5 kV and 2 cm distance,
because the dielectric constant of Al,O3 sol gel is higher than that of PZT sol gel, so that a
higher electric field is necessary for poling. No visible color change was noticed before
and after corona poling in Figure 2.18, (a) and (b), respectively. Therefore it can be
mentioned that the PZT sol gel phase is the main contributor to the color change of
BIT/PZT and PZT/PZT after corona poling. After corona poling of PZT/Al,Q;, several
small brown dots were observed, corresponding to areas of spark discharge, and

indicating that PZT powder changes color under very high voltage.

(b)

Figure 2.18 Comparison of color change before (a) and after (b) corona poling of
PZT/ALOs.

Corona poling for LT/PZT film was also examined. However, very weak
piezoelectricity was confirmed when the distance between the needle and the surface of
the sample was 1 cm and the voltage was around 22 kV, the maximum available voltage
of the apparatus. LT has a higher coercive field than BIT and this is a probable reason for
weak piezoelectricity. One centimeter distance is not preferable because many sparks
discharged during corona poling deteriorating the piezoelectricity also. Further research

could be possible when a new DC voltage supply with higher voltage limits is available.
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2.2.8- Electrode fabrication

The top electrode material must be chosen carefully when it is fabricated on the
piezoelectric film for HTUT. Aluminum has excellent characteristics as an electrode;
however, it starts to oxidize above 450°C. It also introduces an undesirable phase of PZT
sol gel, deteriorating the piezoelectricity [108]. Even though gold has excellent electric
characteristics and can sustain high temperatures, it has insufficient mechanical strength
[109]. Platinum is the best electrode material for high temperature use. Silver paste is also
a good candidate because of the ease of fabrication and low cost. Sometimes peeling of
silver paste electrode occurs due to organic solvent residues at high temperature, and
above 500°C, oxidation tends to occur, causing deterioration of the signal strength of
ultrasound. In this thesis, sputtered platinum top electrodes and painted silver paste top

electrodes are mainly used.
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2.3- Summary

The sol gel spray coating technique is useful to fabricate piezoelectric thick film
onto various surfaces; therefore this technique has a potential to realize HTUTSs at high
temperatures for nondestructive evaluation of hot materials and monitoring industrial
material processes. The detailed fabrication process has been described. BIT, PZT or LT
powders were prepared and mixed with Al,03, PZT or BIT sol gel. Ball milling was used
for milling the powders into fine size of a few pm diameter and establishing homogeneity
of the composite sol gel. After a certain period, that composite sol gel was sprayed onto
the substrate. Heat treatments, drying, firing, and annealing removed the organic solvents
and residue within the sol gel, and achieved crystallization. Spray coating and heat
treatments were repeated until a desirable thickness was obtained. After that, poling and
top electrode fabrication followed. With traditional poling, first top electrodes were
fabricated, then high DC voltage was applied to the piezoelectric film across the
electrodes. Since dielectric breakdown disturbs sufficient poling, corona poling was used.
High DC voltage of 18.5-22.5 kV was supplied through the needle during corona
discharge process. After corona poling, the top electrodes were fabricated. Because there
was no need of top electrode during corona poling, no breakdown was observed.

Sputtered platinum or silver paste was used as top electrode materials.
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Chapter 3

Sol gel spray composite film properties

3.1- Introduction

In sol gel spray coating, piezoelectric powders are dispersed in an Al,Os, PZT or
BIT sol gel homogeneously, and organized into a new composite material. It is important
to measure the film properties of new material. The physical properties of interest for
piezoelectric films are density, dielectric constant, elastic stiffness, piezoelectric constant
and electromechanical coupling coefficient. It is not easy to obtain the precise values of
these film properties. For example, the resonance method is recommended by the IEEE
standard [110] is not suitable due to multiple resonance frequencies from substrate
influence, and because the films produced by sol gel spray coating is mainly fabricated
directly onto the substrate. Resonant spectrum (RS) method has been recently
investigated [111,112]; in this method, the piezoelectric film with the substrate was
considered as a composite resonator, three parameters of which, longitudinal velocity,
density, and electromechanical coupling coefficient, might be determined. In the
references [111,112], simulated data for PZT/PZT sol gel spin coating was presented, but
experimental data was demonstrated only for ZnO film on a quartz substrate, not for

PZT/PZT film on a stainless steel substrate.

In this chapter, first the parameters for longitudinal UT, such as dielectric, elastic
and piezoelectric constants, and electromechanical coupling coefficient, are explained.
Next, the measurement methods used to obtain film properties, including RS method, are
explained with experimental data from sol gel spray composite UTs. Ultrasonic
performance is demonstrated for each film, such as PZT/PZT, PZT/Al,O3, LT/PZT, and
BIT/PZT, at both room and elevated temperatures. Durability tests for heating cycles
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between room temperature and elevated temperature will be also presented for BIT/PZT

film with platinum and silver paste top electrode.

3.2- Piezoelectric film properties

Since piezoelectricity couples elastic and dielectric phenomena, properties of
piezoelectric materials cannot be discussed without dielectric and elastic constants. The
piezoelectric equations are readily derived from thermodynamic potentials but magnetic
field and heat interchange may be ignored. The equations may be expressed in matrix

form when electric field £ and stress T are independent constants [113]:

S=s"T+d,E (3.1
D=dT+&"E (3.2)

i

. . . . . oS . .
where § is strain, s is elastic compliance, defined as s; =(_5}_J , d 1s piezoelectric
J

constant, D is electric displacement, and ¢1is dielectric constant, defined as &y = (G—E’J
k

Superscripts E and T denote measurement under conditions of constant electric field and

constant stress, respectively. The designation d, identifies a transposed matrix, indicating

that the rows and columns of the d-matrix are interchanged. It is noted that every
component of these equations is tensor form, except those are related to

electromechanical coupling coefficient £;, explained in later in this section.

When T and D are independent, the piezoelectric equations are [113]:

S=s"T+g,D (3.3)

E=-gT+pB™D (3.4)
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where g is the piezoelectric constant, S is dielectric impermeability, related to the
. . (_1)i+inj . . . .
dielectric constant by 3, =————r ,A is the determinant of the ¢; matrix, and A is

the minor obtained by excluding the ith row and jth column. Superscript D denotes

measurement under conditions of constant electric displacement.

When S and E are independent, the piezoelectric equations are [113]:

T=c*S+eE (3.5)

D=eS+&’E (3.6)

where e is the piezoelectric constant, ¢ is elastic stiffness, related to elastic compliance
(-D™* A, . . . . .
by c,, = A is the determinant of the c,, matrix, and A, is the minor

obtained by excluding the mth row and kth column. Superscript S denotes measurement

under conditions of constant strain.

When § and D are independent, the piezoelectric equations are [113]:

T=c?S+hD (.7)

E=-hS+p°D (3.9)

where 4 is the piezoelectric constant. The four piezoelectric constants are interrelated.

The definitions of the piezoelectric constants follow from Eq. 3.1-3.8 [113]:
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In most cases, the set of Eq. 3.1-3.2 is most useful, because electric field £ and
stress I are convenient independent factors. This is the reason the most common
piezoelectric constant is the d-constant. However, in the case of application to
longitudinal thickness mode of piezoelectric ceramics, such that S; =8, =0, §; #0; T; =
T, =0, T3 # 0, the sets of Eq. 3.1-3.2 and Eq. 3.3-3.4 are not appropriate because this is a
stress system. Therefore the sets of Eq. 3.5-3.6 or Eq. 3.7-3.8 are used for thickness mode.

Electromechanical coupling factors of piezoelectric materials is defined as the
ratio of the mutual elastic and dielectric energy densities to the geometric mean of the
elastic and dielectric self-energy densities. Neglecting thermal and magnetic terms, the

internal energy U 1s given by [113]:

U:%S,.]}+%DmEm, i=1to6,m=1t03 (3.9)

Using the set, Eq. 3.7-3.8, Eq. 3.9 can be written [113]:

1 D 1 1 1 s
U zgSicij Sj —ESihmiDm _ED h 'Si +5Dmﬂmka

m-mi

=U,s +2U s +U

elas

(3.10)

dielec
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wherei, j=1to6,m k =1t 3, U, 1smutual energy, U, is elastic energy, and

elas

U 1s dielectric energy. From this equation, the coupling factor follows [113]:

dielec

b= (3.11)

V Uelas Udielec

Eq. 3.10 is complicated in the general case; when the number of independent parameters

is reduced by symmetry and most stresses are zero, it becomes simpler.

Consider a transducer plate of thickness ¢ with electroded major faces of area /- w,
[ and w are the length and the width of the plate, respectively, and normal to the x;
direction. If the transducer area is large compared to its thickness, the plate can be
considered to be laterally clamped, i.e. S; =S, = 8;= 55 =85 = 0. And if it is assumed that
there is no electric flux leakage, since a piezoelectric plate can be considered as an
insulator, D; = D, = 0 and 0D, /0x, =0. These suggest that D and S be chosen as
independent variables. Therefore the set of Eq. 3.7-3.8 is chosen for longitudinal

transducers, and piezoelectric equations are given as [113]:

T, :csl;S3 —hy3 D, (3.12)

E, =—hy,S, + ﬁas:;Ds (3.13)
From this set, thickness mode electromechanical coupling factor k; is derived as

&5

h
— 33 _
k= =l
c
¢ B3 33

(3.14)

However, generally speaking, to obtain the values of k3; and ci, directly is difficult.

Therefore, the resonance method is recommended by the IEEE standard [93] to obtain £,

The wave equation for this case is [113]:
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2 D 2
96 06 (3.15)
ot p 0°x,
where £, and p are the particle displacement and density, respectively. By solving Eq.

3.15 with boundary conditions, 73 = 0 at x3 = 0 and ¢, using Eq. 3.12, &, is given by [113]

D

Vih,D,| . ax ot wx.

& = ij 2 [sm vD3 —tan P cos vD3] (3.16)
33

where v2 = (c2 / p)’?, and wis angle frequency. By substituting Eq. 3.16 into Eq. 3.13,

the electrical impedance can be obtained [113]:

]E3dx3
0

D
_ _ 1 -k tan(a)t/ZI\)/ ) (3.17)
jwAD,  joC, wt [ 2v

where C, = A¢) /t is the clamped capacitance of the transducer, 4 are the area of the

transducer, respectively. There are six characteristic frequencies for piezoelectric
resonators: antiresonance frequency (zero reactance) f,, resonance frequency (zero
susceptance) f,, frequency of maximum impedance f,,, frequency of minimum impedance
J» parallel frequency (frequency of maximum resistance) f,, and series frequency
(frequency of maximum conductance) f;. Measurement normally consists of determining
the impedance of the piezoelectric resonator as a function of frequency, since we can
assume that f,, = f, = f, and f, = f; = f; for lossless materials. Therefore, the parallel
resonant frequency f, and thickness mode electromechanical coupling factor 4; are

determined from Eq. 3.17 [113]:
/= (3.18)
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% =—~—’—"—tan(£—[”————[’”~] (3.19)
2 1, 2 f,

When k’is small, Eq. 3.18 approximates to

k? :ﬁfﬂﬁ;f_m (3.20)
4 fu o

The electromechanical coupling factor is more important in characterizing a
piezoelectric material than the set of elastic, dielectric, and piezoelectric constants,
because it is more convenient for power transaction; also, direct comparison may be
possible between piezoelectric materials with different dielectric and/or elastic constants.
However, because of superposed spurious responses, it is difficult to identify the
frequency of minimum impedance f; and the frequency of maximum impedance f,,. A

practical measurement method for UT with a substrate is introduced in the next section.
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3.3- Measurement of sol gel sprayed film properties

3.3.1- Dielectric constant

Dielectric constant (permittivity) is defined as the incremental change in electric
displacement per unit electric field, when the magnitude of the measuring field is very
small compared to the coercive electric field. The value of the dielectric constant may
depend on the polarization degree, electric field, mechanical stress, thermal history, and
measurement frequency of the measuring field [104]. Therefore, measurement is usually
made at 1 kHz with well under 1 V/mm [90]. In this thesis the relative dielectric constant,
the ratio of the dielectric constant of the material to that of free space, is obtained by

measuring capacitance. The dielectric constant is written as
g =g+jg" (3.21)

and the relative dielectric constant & and dissipation factor Q,” are equal to £/g and
g”/e’, respectively. & is the dielectric constant of free space. The dissipation factor is the
inverse of electrical quality factor Q.. If it is assumed that the impedance of the sol gel
composite film is composed only of capacitance, it can be obtained as

1
joC,

Z =

1
4 .
—&
t

jo
B 1

) A '( _8")
jo—¢&'|l1+ j—
t &'

1
ja)co '"a)Cer_1

- .o
= coCO(]+1+Qe_2]
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Therefore, in order to obtain the exact dielectric constant, measuring the clamped
capacitance C, and dissipation factor Q.” is required. However, in the case of sol gel
composite films, because of the small values of dissipation factor Q,”, ignoring the Q.”

effect produces no significant difference.

Capacitance and dissipation factor measurements were made using a Hewlett
Packard HP 4284 LCR meter and 4192A LF Impedance Analyzer at 1 kHz with 1
mV/um. The relative dielectric constant & can be obtained as

Gyt

£ 3.22
e (322)

Table 3.1 presents values of the relative dielectric constant & and dissipation
factor Qe'l of each film, PZT/Al,O;, PZT/PZT, LT/PZT, BIT/PZT, and BIT/BIT. The
errors were obtained empirically. The dielectric constant of composite materials
corresponds to those of powder and sol gel. In Appendix A, double cube model including
three phases, powder, sol gel, and porosity is developed. One of the merits of this model
is to predict the dielectric constants of sol gel sprayed composite films and only the

results were presented here as Figure 3.1.

Table 3.1 Measured dielectric constants and dissipation factors.

relative dielectric constant dissipation factor
& Qe'l
PZT/Al,04 30£10 0.006 + 0.002
PZT/PZT 320 £20 0.026 £ 0.002
LT/PZT 5010 0.013 £0.002
BIT/PZT 80£10 0.008 £ 0.002
BIT/BIT 40%10 0.018 £0.002
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Figure 3.1 Comparison of relative dielectric constant calculations of powder/PZT sol
gels from conventional cube model and double cube model including pores,
as a function of the relative dielectric constant of powder, with experimental
results.

3.3.2- Piezoelectric constants ds;, g33

d;33 1s associated with strain along the z-axis in response to an applied electric field
along the z-axis. Thus a large piezoelectric constant ds; is desirable for an actuator. Here
the piezoelectric constant d3; was determined by static tests, such as with a Berlincourt
meter, illustrated in Figure 3.2. The standard piezoelectric material, whose capacitance
and dj3; are already known, is placed in series with the piezoelectric sample, and a known
force F3 is applied to both materials, the standard material and the sample. The produced
potentials of both materials, ¥; and ¥, are measured. If we assume that the force across

both the standard and the sample is the same, the following equation is obtained [89]:
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d,'C,V,
g =Bz (3.23)
ol

where subscripts and superscripts 1 and 2 refer to the standard and the sample
respectively. Since C; and d331 are known, C, can be obtained easily and V; and V, are

measured by the Berlincourt meter, ds;° can be calculated by Eq. [3.23].

Ground V,=V,~ Vl

Figure 3.2 A schematic of a Berlincourt meter.

In another method to measure ds;, optical method has been developed. Recently
optical systems have advanced to realize high position resolution. A heterodyne
interferometer can measure displacement using two optical beams of equal intensity but
slightly different frequencies. By measuring the beat, the position difference can be
obtained with fine resolution within laser wavelength. ds; can be calculated by the

following equation as [89]:

Ss

ds =7

(3.24)

where §3 is the developed strain along the z axis, and V is the applied voltage. The
Berlincourt meter is simple, but less accurate than the optical method. In addition, in real

use for UTs, the applied voltage is relatively high, perhaps 100-300 V; this would further
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disadvantage for Berlincourt meter, since the electric potential is much lower than that

during measurement.

Table 3.2 presents values of the piezoelectric constants d3; of and g3; of
PZT/AL O3, PZT/PZT, and LT/PZT. The ds3 of PZT/ALO; was obtained by a Berlincourt
meter, and those of PZT/PZT and LT/PZT by a Zygo laser interferometer system
(Middlefield, CT, USA). The values of d3; are much lower than those of bulk PZT (PZT:
400, LT: 8), because the sol gel composite film has a low dielectric constant.

Piezoelectric constant g3; is related to ds; as [110]:

d
83 =0 (3.25)
&3

Piezoelectric constant g3; represents the developed electric field in the thickness direction
that responds to applied mechanical stress in the same direction as the electric field, so

that it may be a better indicator of transducer performance.

Table 3.2 Measured piezoelectric constant ds; and g33.
ds3 833
10" m/v) (10 V-m/N)
PZT/AlL,O4 0.03 0.11
PZT/PZT 180 64
LT/PZT 60 136

Because the Berlincourt meter and Zygo laser interferometer system are not

available after BIT/PZT films have been developed, no data of ds; and g3; are given here.
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3.3.3- Thickness mode electromechanical coupling factor £;

As mentioned before, in characterizing a piezoelectric material the
electromechanical coupling factor is one of the important properties, defined as the square
root of the ratio of the accumulated mechanical energy in response to an electrical input
or vice versa. The thickness mode is excited for longitudinal UTs. The resonance method
is recommended by the IEEE standard [110] to obtain the value of k. However, this
method is not suitable for the film produced on the substrate by the sol gel spray
technique, since the substrate effect cannot be ignored, and the piezoelectric film and the
substrate compose a composite resonator, resulting in multiple resonances. In addition,
film characteristics depend on the substrate, so that it may not be useful to obtain values
without the substrate. Several attempts to extract &, by curve-fitting techniques have been

demonstrated for composite resonators [114,115]. However, curve-fitting methods often

require many initial variables such as cj,, which are unknown, and sometimes the values

of the variables are critical for the final results.

Recently, a resonant spectrum (RS) method has been reported to extract &

[111,112]. In this technique, three parameters of piezoelectric films, electromechanical

coupling factor &, density p, and c,,, can be obtained from the spacing of the parallel

resonant frequencies (SPRF) and the parameters of the substrate and electrodes for the
composite resonator. In a previous paper, extracting k&, for sol gel composite films was
tried only by simulation [111,112]. In this thesis, empirical measurement of the %; is
attempted by RS method, based on a two-layer composite resonator [111], as shown in
Figure 3.3. The electromechanical coupling factor £; of the composite resonator can be
determined by these parameters, longitudinal velocity v, density p, and thickness ¢. The
subscript sb indicates those of the substrate. The effect of top electrodes was ignored

because center frequency of the sol gel film was not so high, around 10 MHz [112].
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Substrate Dsps Vipr Ly

Figure 3.3 A two-layer composite resonator produced by the sol gel spray technique, with
the definitions of the material parameters and dimensions.

The mput impedance of the composite resonator that can be obtained from Sittig’s

model [116] is

(3.26)

in

__ 1 _1_£.2tan(y/2)+zsb-tanysb
joCy |y (l+z,-tany,/tany)

where C, = ¢; 4/tis the static capacitance, y =2af -t/v,y, =2af -t,, /v, is the phase

delay of the longitudinal wave in the film and substrate, respectively, zy, is the acoustic
impedance of the substrate normalized to Zy = pw, the acoustic impedance of the
piezoelectric layer, and A4 is the area of electrodes. The impedance response has a global
hyperbolic decrease resulting from Cj, and a series of resonant peaks related to k.. The
parallel and series resonance frequency equations can be derived from Eq. 3.22, if we
assume that the materials are lossless and that f,, = f, and f, = f;. Therefore, if we ignore
the imaginary parts of the material parameters, parallel frequency f, and series frequency

fs can be derived by setting |Z;,] to infinity or 0, respectively.
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tany +z, tany , =0 (3.27)

2

k
tany +z, tany , =——-[2tan(y/2)+z, tany ] -tany (3.28)
4

Since the composite resonator is assumed to be lossless, k; can be obtained from Eq. 3.23

as follows [111]:

2 tany +z, tany,,

=y- (3.29)
[2tan(y /2)+z , tany |- tany

t

where f = f; (my) and myis the mode order at the center of the first normal region i.e. tan y
= 0. It is not recommended to extract k; from Eq. 3.29 directly, because real composite
resonators include loss components in both layers, the piezoelectric film and the substrate,
which might amplify errors. Therefore special modes must be involved to suppress

further errors.

For a multimode composite resonator, the thickness of the substrate is much larger
than that of the piezoelectric film, and the SPRF is not uniform but distributed
periodically. The period may be obtained by taking tany = 0 or tany — . Regions where
tany = 0, meaning that y is an integer multiple of m, are referred to as normal regions.
Regions where tany = co, meaning that y is a half-integer multiple of &, are referred to as
transition regions. k; can be derived by knowing the thickness, density, and velocity of

both layers, piezoelectric film and substrate, and evaluating the value of the effective

coupling factor for the mth resonance mode ke} (m), given by [111,112]

2 7 L) fum)
kip(m) =~ 7 (1 fp(m)J (3.30)

J»(m) and fy(m) are the mth parallel and series resonant frequencies, respectively. The

maximum value of k;f (rm) should be used for optimal accuracy [111,112]. When the
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acoustic impedance of the substrate is larger than that of the piezoelectric film, k.i(m) is
located within the first transition region. Because most sol gel spray technique films are
fabricated on hard metal substrates, using the first transition region to calculate £; is more
accurate than using the first normal region. In addition, the impedance and phase were
measured with an HP 4192A LF impedance analyzer from 0.5 MHz to 13 MHz; below 13
MHz only the first minimum SPRF, i.e. first transition region, was observed. Therefore

only the equations for the transition region are explained.

At the center of the first transition region, the mry; order resonant mode

corresponds to

yer/2+y
Vo *(my +1/2)r +0

where mr + 1 is the mode order of the bare substrate plate near the center of the first

transition region, expressed as [111]
my=round[ {(Veso/vept)-1}/2] | (3.31)

And y and & are small quantities. After some algebraic manipulation, we obtain the
spacing of parallel resonant frequencies at the first transition region Afr and the

electromechanical coupling factor &, [111]:

) -1
Af, = A, (1 +”;’;V—V;”ILJ (3.32)
sb
S
k? =(1+ppi . ?b]-%-k;f(mT) (3.33)
sb 7 sb
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where Afy = vy/2tsp 1s spacing of the parallel resonance frequency of a bare substrate.

r=1+2—2—.a+-s
sbVsh
2nf ()t 7 J( 2nf,(m, )t _ (my +1/ )7 J (3.34)

2
v 2 PspVsp PV

=1—2pv(1+

is a correction factor [111,112]. It should be noted that when (vz;/vgt) 1s an odd integer or
sufficiently large, the correction factor is near one, but when is (v£p/vgpt) neither an odd

integer nor very large (50, for example), the correction factor is not near unity [111,112].

Extracting the electromechanical coupling factor &k, was attempted for a 60 pm
BIT/PZT film deposited on a steel block. The amplitude and phase of the impedance were
measured with a system based on a Hewlett Packard 4192A LF impedance analyzer as a
function of frequency between 1 and 13 MHz, since 13 MHz is the highest frequency for
this system. Figure 3.4 shows the experimental impedance results. The amplitude curve
clearly shows a hyperbolic decrease due to static capacitance. The peaks of the phase
result from multiple resonances. The peaks of the amplitude are not so clear, indicating
the high loss inside the film due to pores [112]. The parameters of this composite

resonator follow:

t =60 (um)

p =~ 4000 (measured approximately, g/cm?)

t, =12500 (um)

P,y = 7840 (g/cm’) (3.35)
v, = 5874 (m/s)

The distribution of SPRF and k;7 (m) are shown in Figures 3.5 and 3.6, respectively.
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Figure 3.4 The impedance of a 60 um BIT/PZT film on a steel substrate composite
resonator as a function of frequency.
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Figure 3.5 The SPRF of a 60 um BIT/PZT film on a steel substrate composite resonator
as a function of frequency.
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Figure 3.6 The keﬁrz of a 60 um BIT/PZT film on a steel substrate composite resonator as
a function of frequency.

Down peak and peak around 9 MHz may be confirmed from Figures 3.5 and 3.6.
The data for keﬁrz are smoother and less dispersed than those for SPRF, agreeing with
previous papers [111,112], that indicates the possibility of the measurement of k.
However, there are difficulties to obtain the precise value of k; of PZT/PZT by these
results. First, the measurable frequency of the impedance analyzer used in this thesis was
limited up to 13MHz therefore the center of normal region, i.e. the first maximum of the
SPRF, Afy could not be obtained. In general RS method, from Afy the density p was
obtained, and from Afr and p, v was calculated, then finally £ was obtained. In this thesis,
instead of Afy , first v was obtained from Eq. 3.32. It is noted that round function was
used in Eq. 3.32 and it caused ambiguity. And also distributions of SPRF and k.5 become
dispersive near the peak, because around the resonant frequency, the composite resonator
becomes very sensitive and unstable, especially if the substrate material is not uniform as
quartz or sapphire. Changing substrate material and dimensions, top electrode

configuration, and measurement should be able to avoid reduce the uncertainty.
Although £; is one of the important factors to evaluate the piezoelectric strength of

the HTUT, signal strength and SNR were used in this thesis because they are practical

and k; measurement is not accurate enough for porosity of thick sol gel film.

65



3.4- Ultrasonic performance of sol gel composite films

3.4.1- PZT/PZT

Figures 3.7 and 3.8 show typical examples of ultrasonic performance of PZT/PZT
composite film fabricated o steel substrate having a thickness of 12 mm at both room
temperature and 220°C. Several round trip echoes from the bottom of the substrates are
confirmed. The signal strength is 9 dB weaker at 220°C than at room temperature. Signal-
to-noise ratio (SNR) is about 30 dB. The center frequency is 4.5 MHz, with a 6 dB
bandwidth of 5 MHz. It is noted that PZT/PZT composite film shows higher ultrasonic
signal strength at temperatures up to 220°C than PZT/Al,O3, LT/PZT or BIT/PZT.

- at room temp. 1

at 220 °C]
s 10 15 20

Amplitude (arb. unit)

Time Delay (us)

Figure 3.7 Signals in time domain of PZT/PZT film.
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Figure 3.8 Signal in frequency domain of PZT/PZT film for L' of the device depicted in
Figure 3.7.

3.4.2- PZT/ALL O3

Figure 3.9 shows the ultrasonic performance of a 100 pm PZT/ALO; film
deposited on a steel substrate at room temperature. This UT provides a center frequency
of 3.0 MHz and a 1.3 MHz bandwidth, with SNR of about 25 dB. However, because of
the low dielectric constant of AL, O3 sol gel, the signal strength is weaker by about 40 dB
than PZT/PZT. Al,O; was used for the suppression of the crack and/or peeling but the
temperature stability of piezoelectricity shows no improvement from PZT/PZT because

the piezoelectricity totally depends on the PZT piezoelectric powder.
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Figure 3.9 Ultrasonic performance in time and frequency domains of a 100 um
PZT/Al,O; film at room temperature.

3.4.3- LT/PZT

A 60 ym LT/PZT film was deposited on a 51 mm long clad steel buffer rod,
which consists of a 10 mm diameter steel core and 1 mm stainless steel cladding. Figure
3.10 shows the round trip echoes, L', 1% and L’ reflected from the end of the clad buffer
rod at room temperature. This film UT has a center frequency of 7 MHz and a 2.5 MHz 6
dB bandwidth, with an SNR of about 25 dB. The signal strength at room temperature is
about 30 dB weaker than that of PZT/PZT. Since LT has a relatively high Curie
temperature of 625°C, an LT/PZT UT can operate at higher temperatures than PZT/PZT,
at least up to 368°C [45]. Figure 3.11 provides its ultrasonic performance in time domain
from 30°C to 250°C. The difference of signal strength between 30 and 250°C is less than
2dB
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Figure 3.10 Ultrasonic performance in time and frequency domains of a 60 ym LT/PZT
film deposited on a clad steel buffer rod, at room temperature.
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Figure 3.11 Ultrasonic performance in time domain of a 60 um LT/PZT film deposited
on a clad steel buffer rod, at temperatures from 30°C to 250°C.
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3.4.4- BIT/PZT

Figure 3.12 shows typical results of longitudinal wave ultrasonic signals reflected
at the bottom of a 12 mm thick steel substrate with BIT/PZT sol gel film at room
temperature and 625°C in time domain; Figure 3.13 shows the signal in frequency
domain. This film UT provides a center frequency of 13 MHz and a 13 MHz 6 dB
bandwidth, with an SNR of about 30 dB. The signal strength at room temperature is about
25 dB weaker than that of PZT/PZT. Since BIT has a relatively high Curie temperature,
BIT/PZT UT can work at higher temperatures than PZT/PZT, and even than LT/PZT.
However, 625°C was chosen to investigate the highest temperature that BIT/PZT can

survive for several days’ operation.
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Figure 3.12 Ultrasonic signals reflected at the bottom (a), and frequency spectrum (b), of
an 80 ym BIT/PZT film on a 12 mm thick steel substrate at room
temperature and 625°C.
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Figure 3.13 Ultrasonic signal of BIT/PZT film in frequency domain at 625°C for L' of
the device depicted in Figure 3.12.

3.4.5- Durability test

In order to test the durability, the HT probe was undertaken the thermal cycles
between room temperature and elevated temperatures using a furnace. During each
thermal cycle it took about one hour to heat the probe from room temperature to elevated
temperatures, and then to cool it to room temperature. The durability test of the probe
with the silver paste top electrode up to a furnace temperature of 250°C verified that
strength of the signal reflected from the probing end gradually decreased about 4 dB in
100 cycles but there was no further deterioration of the signal observed after 100 cycles
up to 180 cycles. The test was terminated in 180 cycles. In the test of the probe with the
platinum top electrode from room temperature up to 500°C, the signal strength gradually
decreased with —0.05dB/cycle in 140 cycles. It may be due to the following reasons:
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damage of the electrode due to mechanical contact with improper force; deterioration of
piezoelectricity of the BIT/PZT film because of depoling at elevated temperatures;
detachment of the top electrode from the ceramics film because of difference of thermal
expansion coefficient between the platinum and ceramics; detachment of the ceramics
film from the steel substrate because of difference of thermal expansion coefficient

between the ceramics and the steel substrate.

3.5- Summary

The important properties of piezoelectric films are electromechanical coupling
coefficient, dielectric constant, piezoelectric constant, and density. The measurements of
each film characteristics, PZT/PZT, PZT/Al,Os;, LTI/PZT, and BIT/PZT, were
investigated. The electromechanical coupling factor is one of the important parameters,
but it is difficult to perform an accurate measurement due to the film porosity. From
experimental data, at low temperature, PZT/PZT shows the best piezoelectricity, while at
high temperature, BIT/PZT is the best material for HTUT. The ultrasonic performance of
BIT/PZT HTUTs have been confirmed at temperatures to higher than 450°C and

durability tests were held for thermal cycles.
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Chapter 4

Applications of sol gel composite HTUTS for
nondestructive evaluation of materials at high

temperature

4.1- Introduction

There is a demand of NDE of metals at HT applications such as galvanization
plant or nuclear power generation plant. As mentioned in the previous chapter, the sol gel
spray technique is useful for fabricating sensors onto metals, since the piezoelectric films
made by this method can be directly coated onto the host metallic structure, at desirable
places to perform the nondestructive evaluation [70]. BIT/PZT was selected because this
material can withstand higher temperatures than PZT/PZT, PZT/AL,O;, and LT/PZT as
mentioned before. Since host metals may have different shapes, here BIT/PZT films
fabricated directly onto various shaped surfaces are demonstrated. Their performance as
piezoelectric UTs will be presented as well. Flat and curved self-support films by sol gel
spray coating are also presented. In order to demonstrate their ultrasonic sensing

capability, the NDE of metals at the elevated temperatures will be illustrated as well.

For one application of the interest, immersion type HT probe is desired for the
mapping the wall thickness of the steel container at galvanization plant. In previous work,
ultrasonic measurements and imaging in molten zinc were performed using long steel
buffer rods [117]. The room temperature UT was outside of the molten zinc and cooled
by compressed air. However, such a long buffer rod and cooling system may not be
convenient because of size constraints. Since sol gel type HTUTSs can operate up to 450°C

with high SNR, an immersion HTUT probe in compact size is feasible. Therefore,
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thickness measurement of a steel plate in the molten zinc at 450°C and surface and sub-
surface imaging in silicone oil at 200°C using these immersion HTUT probes [118] will

be investigated.

4.2- Ultrasonic performance of BIT/PZT films on various

surfaces

In this section, BIT/PZT films are fabricated by the sol gel spray technique onto
various surfaces of metals, such as cylindrical and spherical convex surfaces, cylindrical
and spherical concave surfaces, and thin sheets and foils. Their ultrasonic performances at

elevated temperatures are also investigated.

4.2.1- Cylindrical convex surfaces

Figure 4.1 shows a 40 um thick BIT/PZT film deposited onto a cylindrical steel
shell with an outer diameter of 25.4 mm. Figure 4.2 (a) shows the ultrasonic signals at
440°C, in time domain where L" is the nth round trip echo in the cylindrical steel wall
with a thickness of 6.35 mm. The frequency spectrum of L' signal is given in Figure 4.2
(b). The center frequency, 6dB bandwidth and SNR are 12 MHz, 9 MHz and 26 dB,
respectively. Since many parts in various engineering materials and structures may have
this kind of shape, such as the barrel of a micro-molding machine, the sol gel spray
coating technique provides the availability of piezoelectric and ultrasonic sensors to these

materials and structures.
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Figure 4.1 A 40 pm thick BIT/PZT film deposited onto a cylindrical steel shell.
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Figure 4.2  The ultrasonic performance (a) in time and (b) frequency domain for L' at
440°C of the device depicted in Figure 4.1.
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4.2.2- Spherical convex surfaces (ball)

Figure 4.3 shows a 90 um thick BIT/PZT film deposited onto a spherical steel
ball with a diameter of 19 mm. Figure 4.4 (a) shows the ultrasonic signals at 440°C in
time domain where L” is the nth round trip echo across the diameter of the ball. The
frequency spectrum of L' signal is given in Figure 4.4 (b). The center frequency, 6dB
bandwidth and SNR are 9.5 MHz, 4MHz and 40 dB, respectively. An interesting
application for a piezoelectric film on a ball was reported recently: when a 45 MHz
surface acoustic wave (SAW) sensor is fabricated onto a quartz ball with a diameter of 10
mm, it has a long propagation length of 1.3 m without much diffraction loss [119]; a
hydrogen gas sensor was proposed [120]. Adapting a sol gel film to spray coating onto a
ball to form SAW sensors would require considerable effort; here we show only the

capability of fabricating the piezoelectric film on such surfaces.

Top electrode

BIT/PZT film

Figure 4.3 A 90 um thick BIT/PZT film deposited onto a spherical steel ball of 19 mm
diameter.
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Figure 4.4  The ultrasonic performance (a) in time and (b) frequency domain for L! at
440°C of the device depicted in Figure 4.3.
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4.2.3- Cylindrical and spherical concave surfaces

Figures 4.5 and 4.6 show a 90 um thick BIT/PZT film deposited onto cylindrical
and spherical concave steel surfaces, respectively. For the dimensions of cylindrical
concave, the diameter of inner cycle and outer cycle was 20 mm and 26 mm, respectively,
and the center angle was 170°. For the dimensions of spherical concave, the curvature and
aperture diameter was 19 mm and 19 mm, respectively, and the length was 36 mm. Such
structures should be useful for line-focus beam for quantitative measurements and point-
focus beam for acoustic imaging [117,121,122] at high temperatures. Ultrasonic

performances of these films were almost same as that shown in Figure 4.4 (b).

Figure 4.5 A 90 um thick BIT/PZT film deposited onto a cylindrical concave steel
surface.
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Figure 4.6 A 90 um thick BIT/PZT film deposited onto a spherical concave steel surface.

4.2.4- Thin metal sheets and foils

60 pum thick BIT/PZT films were also deposited onto 400 um thick stainless steel,
75 um thick titanium, 45 pm thick nickel, and 145 pm thick copper foil substrates, as
shown in Figures 4.7 (a), (b), (¢) and (d), respectively. Due to the thinness of the
substrates and high annealing temperature of BIT/PZT film (650°C), the titanium, nickel
and copper films distort somewhat. Structures composed of a thin metal layer and a
piezoelectric layer are called unimorphs; the difference in strain between the metal and
piezoelectric films induces lengthwise bending when a voltage is applied across the
thickness of the piezoelectric layer. Because unimorph structures can produce large
displacement with small electrical power, they are suitable for actuator applications [123].
Figures 4.8 shows the ultrasonic performance of the device depicted in Figure 4.7 (a), a
60 pm BIT/PZT film on a 400 pm stainless steel substrate, in time domain at 440°C.
Since the substrate is thin, ultrasonic echoes are overlapped. Because of ringing effect, no
distinct echo could not be obtained. The center frequency of this film is predicted about
10 MHz. The other films shown in Figure 4.7 have also been tested, but results are similar

to Figure 4.8 but not shown here.
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(b)

(d)

Figure 4.7  Thick BIT/PZT film deposited on a (a) 400 um thick stainless steel, (b) 75
um thick titanium, (c) 45 pm thick nickel and (d) 145 um thick copper
substrate.
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Figure 4.8  Ultrasonic performance of a 60 um thick BIT/PZT film deposited on a 400
pum thick stainless steel sheet in time domain at 440°C.
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4.3- Self-support film

Thin piezoelectric sheet and shells may be of interest for surface bonding or
interior embedding for the ultrasonic sensor applications. During the fabrication processes
described in Chapter 2, the film may be detached from the substrates if the adhesion
between the film and the substrate is too weak to compensate the difference of thermal
expansion ratio between them during the thermal treatment. Figures 4.9 and 4.10 show
the self-support BIT/PZT films with a flat and spherical convex shape, respectively. The
thickness of these films is about 50 um. To fabricate such self-support films at interface,
fine polishing of the substrate surface, thick spray coating and long heat treatment
duration were introduced so that no adhesion at interface between film and substrate was

formed.

Figure 4.9  Self-support BIT/PZT sheet.

Figure 4.10  Self support BIT/PZT spherical shell.
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4.4- NDE of steels at high temperatures

It is well know that ultrasonic sensors are applicable for real-time nondestructive
evaluation (NDE) and structural health monitoring. Broadband low MHz UTs are
desirable for ultrasonic inspection of defects or voids. In this section, 200 um BIT/PZT
films deposited onto a 12.7 mm thick steel plate for the detection of the extent of artificial

horizontal and vertical defects at 440°C will be demonstrated.

Figure 4.11 shows ultrasonic monitoring of an artificial horizontal defect at 440°C.
The defect was a side-drilled hole of 1.5 mm diameter. The four traces from top to bottom
indicate that the lengths of this artificial horizontal defect are 0, 2, 4, and 6 mm,
respectively, under the ultrasonic-exposed area defined by the 11 mm top electrode
diameter. The large signal at the end of the trace is the reflected echo from the bottom of
the steel substrate. Figure 4.11 reveals that longer horizontal defects produce larger
reflected echoes, since the area of the horizontal defect increases. This indicates that the
size of the defect in the materials can be estimated at 440°C by BIT/PZT HTUT
fabricated by the sol gel spray technique.

Figure 4.12 shows ultrasonic monitoring of an artificial vertical defect at 440°C.
The defect was a drilled flat hole of 1.0 mm diameter. The four traces from top to bottom
indicate that the lengths of this artificial vertical defect measured from the bottom of the
substrate are 0, 1, 2, and 3 mm, respectively, under the ultrasonic-exposed area defined by
the 5 mm top electrode diameter. The large signal at the end of the trace is the reflected
echo from the bottom of the steel substrate. Figure 4.12 demonstrates that ultrasonic
monitoring of the extent of a defect can be performed at 440°C, and the time delay of the
signal reflected from the defect reveals the position of the tip of a drilled flat hole.
Therefore Figure 4.11 and Figure 4.12 indicate that monitoring of the location of defects
in the materials is possible at 440°C by a BIT/PZT HTUT.
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Figure 4.11 Ultrasonic monitoring of an artificial horizontal defect extent at 440°C.
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Figure 4.12 Ultrasonic monitoring of an artificial vertical defect extent at 440°C.

Ultrasonic sensors may be useful for aerospace and other engineering systems.

Sometimes host structures are large. It has demonstrated previously that the sol gel spray
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technique enables the film to be bonded directly to metal substrates; however, there is a
size limitation. The most significant concern is the size of the furnace for the film
fabrication. In this technique, annealing the film at around 650°C is used to crystallize the
sol gel phase, since the high dielectric constant of the sol gel phase is preferred for
obtaining high piezoelectricity, as mentioned in Chapter 3. The chamber dimensions of
the furnace presently used are 35.56 cm in width, 25.40 cm in height, and 31.75 cm in
depth. If the host structure is larger than this size, at present it would be difficult to
fabricate a functioning BIT/PZT film on it. In this section, scale-up arrangements are
considered for ultrasonic monitoring of substrates which are larger than the dimensions of

the furnace described above.

The schematic of the arrangement for ultrasonic monitoring of a large substrate 1s
shown in Figure 4.13. The sensor is first fabricated onto a supporting plate of 5.1 cm long,
2.5 cm width, and 1.2 cm thick, which is small enough for heat treatments in the furnace.
Then the plate is attached to a larger substrate with screws and the attachment cover plate
with high temperature ultrasonic couplant. When high enough pressure is applied between
this supporting plate and a large substrate, ultrasound can propagate into the large
substrate from the supporting plate through the high temperature couplant between the
plate and substrate. In this experiment, a thin aluminum foil was used as the couplant. The
high pressure was applied through the screws shown in Figure 4.13 and Figure 4.14,

which shows the real employed experimental arrangement.

4 Electrical Contact

HTUT

Attachment
Cover Plate

. Screw

__ Substrate

Figure 4.13 Schematic of ultrasonic monitoring for large substrate at elevated
temperature.
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Figure 4.14  Set up of ultrasonic monitoring for a large substrate at elevated
temperature.

Ultrasonic measurement results in time domain using this arrangement shown in
Figure 4.14 is given in Figure 4.15 (a). In Figure 4.14, the whole setup was sitting on a
hot plate and the temperature of the large substrate was 520°C during the measurement.
L" (n =1, 2, ...) is the nth round trip echo in the supporting plate. Ultrasonic signal
reflected from the bottom of the large substrate through the supporting plate, L,, was
clearly seen. The frequency spectrum of L, was given in Figure 4.15 (b) shows the
capability of the sol gel sensor for NDE of large metal substrate at high temperatures with
good SNR.
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Figure 4.15 Ultrasonic performance of an 80 pm thick BIT/PZT film deposited on a
supporting plate attached to a large substrate in (a) time and (b) frequency
domains of L, at 520°C.
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4.5- Immersion HT ultrasonic thickness measurement and

imaging

For applications at nuclear power generation plants [5,6], galvanization plants [7],
petrochemical facilities, efc., inspection of hot objects in harsh environments is desirable.
HTUTs are essential in order to develop an ultrasonic inspection system that can operate
under such severe conditions to achieve high spatial resolution for thickness measurement
and for ultrasonic imaging. Since sol gel type HTUTs can operate up to 450°C with high
SNR, immersion HT probes are developed. In this section, pulse-echo thickness
measurements in molten zinc at 450°C and ultrasonic imaging in silicone oil at 200°C

will be demonstrated.

Galvanization is a common technique to prevent corrosion of steel components
such as bolts, knots, doors, panels, efc. The steel components are dipped into a bath of
molten zinc at temperatures of 450-460°C, so that molten zinc can compose thin Fe-Zn
alloy layers on surface of parts; then a zinc layer can be composed above the Fe-Zn alloy
layers. Ideally the baths of molten zinc are heated uniformly, but in practice the heating is
not uniform. In addition, there is a gradual loss of the wall of the molten zinc bath due to
a Fe-Zn layer forming on the inside of the bath. Non-uniform heating and the build-up of
dross at the bottom of the bath may lead to accelerated corrosion of the bath; therefore the

bath must be examined periodically to ensure its safe condition.

Previously an electromagnetic transducer (EMAT) was reported to measure the
wall thickness at the external side of the bath [7]. However, the mechanical raster scan of
the external surface of the bath for thickness profiling by EMAT can be difficult.
Ultrasonic measurement and imaging inside the molten zinc using long buffer rods, have
been reported [117]. The UT was outside the molten zinc, cooled by compressed air.
However for a large, deep bath, for example, 6 m x 3 m x 1 m, such a long buffer rod

may not be suitable.
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4.5.1- Immersion HT ultrasonic probe

In this section, a compact immersion HT probe was developed. 8 MHz BIT/PZT
HTUTs were fabricated onto a buffer rod, as shown in Figure 4.16; the length of the steel
buffer rod was 51 mm. The diameters at the UT and probing ends were 32 mm and 30
mm, respectively. The periphery of the rod had a 2° taper angle from the UT to the
probing end, to expedite assembling the rod in a holder. The HT probe was mounted in a
stainless steel holder, as shown in Figure 4.17, to seal the HTUT from liquids. This
immersion HT probe has the advantage that it can easily scan the inner wall of the bath to
obtain a thickness profile inside the molten zinc, which acts as a liquid couplant between
the probe and the wall. A coaxial cable made of stainless steel with magnesium oxide
insulators was used as an electrical cable, tolerating up to 900°C. Figure 4.18 shows the
schematic diagram of the ultrasonic measurement in molten zinc. The immersion type
probe was immersed into molten zinc at 450°C. The probe radiates and receives
ultrasound with a pulser receiver (5072PR, Panametrics Inc., Waltham, MA). The
temperature of molten zinc was controlled by a temperature controller with an immersed
thermocouple. Ultrasonic signals were recorded using a data acquisition board (CS12100,
Gage Applied Science Inc., Lachine, QC, Canada). To measure thickness, a 24.5 mm-
thick steel sample was also immersed. A stainless steel crucible containing zinc was

heated by an electric resistance furnace.

BIT/PZT Probing
Film
Platinum® ™ Steel
Top Electrode Buffer Rod

Figure 4.16 HT ultrasonic probe consisting of a BIT/PZT HTUT fabricated onto a steel
buffer rod.
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Figure 4.17 HT immersion type ultrasonic probe with a holder.

Signal D
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Furnace

Figure 4.18 Schematic diagram of ultrasonic thickness measurement in molten zinc at
450°C.
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4.5.2- Ultrasonic thickness measurement in molten zinc

The result of the thickness measurement in molten zinc at 450°C is given in
Figure 4.19. L (n = 1, 2, ...) denotes nth round trip echo in the 51 mm long steel buffer
rod. Two echoes, indicated by L,r and L,p in Figure 4.19, which were echoes reflected
from the front and back surfaces of the sample, respectively, were clearly obtained as
shown in Figure 4.19. Therefore the thickness of the wall of the galvanization bath could
be profiled, because the thickness of the steel sample, #, can be calculated by
t =vx AT /2, where v is the longitudinal ultrasonic velocity in steel at 450°C, obtained
empirically or from the literature, and AT is the time delay between Lyr and Lyp. This
steel probe was immersed in the molten Zn for many hours and the probing surface was
only slightly corroded after even 9 hours. It means that the surface remained acceptably
flat during the experiment. In fact, when this probe was placed facing the SS container,

the wall thickness of the SS container could be measured as well.

LZF

041 Molten Zn
at 450°C

AT Log
—>

/

Spurious
signals

Amplitude (V)

Delay Time (ps)

Figure 4.19 Ultrasonic signals for thickness measurement in molten zinc at 450°C.
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4.5.3- Ultrasonic imaging in silicone oil at 200°C

Imaging at elevated temperatures is demonstrated here to show the high spatial
resolution of an immersion HT ultrasonic probe with focusing lens at the probing end.
The probing end of the 8§ MHz immersion HT probe was machined into a semi-spherical
surface as an ultrasonic lens, as shown in Figure 4.20. This focused probe was 50 mm
long. The radius of curvature and aperture diameter of the lens were 11 mm and 15 mm,

respectively.

Figure 4.20 HT probe with an ultrasonic lens.

The experimental set-up is shown in Figure 4.21. The HT focusing probe was
mounted on a manual vertical-translation stage (Z-stage) to adjust the distance between
the probing end and the sample, and manipulated horizontally using an XY-stage driven
by stepping motors. A crucible furnace (Model CF 56822C, Lindberg, NC, USA) heated
the silicone oil in a stainless steel crucible. A US one cent coin was polished on the back
head side to serve as a scanned sample for surface and subsurface imaging, and fixed on
the sample holder. The sample photo is shown in Figure 4.22. The line thickness of the
smallest characters (“E - PLURIBUS - UNUM?”, the part of the phrase with Latin, “IN
GOD WE TRUSTTIE PLURIBUS UNUM” ) on the coin was about 0.2mm. The
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temperature of the silicone oil was controlled and maintained at 200°C % 1°C using a

temperature controller with a thermocouple.

Furnace

Figure 4.21 Ultrasonic imaging set-up.

Figure 4.22 American one cent coin used for imaging experiments. The tail side had its
figures but the head side was polished to be flat.

93



The focusing ability of ultrasound was evaluated in water at room temperature,
and in silicone oil (200 Fluid-100 cst, Dow Corning, Midland, Michigan) at 200°C, using
this immersion HT ultrasonic probe at a frequency of 10 MHz, to estimate spatial
resolution for surface imaging. The lateral resolution dr and focusing depth dz are

estimated using the following equations [124]:

ar=1.024-% (5.5)
a
l 2

dz=7.14 (—) (5.6)
a

where A is the wavelength of ultrasound in liquid, / is the focal length and a is the

aperture diameter of the lens. A and [/ are calculated by A=v,,/f and
I'=r/1=Vygia ! Vo) » Tespectively, where v is longitudinal wave velocity and 7 is the

curvature radius of the lens. The calculated results are summarized in Table 4.1. The vigiq
for water and vy, at 23°C are 1491 m/s [125] and 5923 m/s [126], respectively. At 200°C,
the Viguia for silicone oil was estimated to be 612 m/s empirically using the time delay of
the signals reflected from the sample surface at the focus of the lens, and the vy, is 5843
m/s [126]. Due to the lower ultrasonic velocity in silicone oil at 200°C than that in water

at 23°C, the higher spatial resolution is expected in silicone oil at 200°C.

Table 4.1 Calculated results of the focusing ability of ultrasound.

In water In silicone oil

at 23°C at 200°C
dr 0.19 mm 0.065 mm
dz 1.31 mm 0.38 mm
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Figure 4.23 (a) shows the time domain signals obtained when the front surface of
the sample was located at the focus of the probe in water at room temperature. The first
and second round trip echoes of longitudinal waves in the rod, indicated by L' and 1%
were observed at time delays of about 16 ps and 32 ps, respectively. Echo L represents
the desired signal for surface imaging, reflected from the front surface of the sample.
Spurious signals are caused by the semi-spherical surface of the lens, which produces
different ultrasonic wave path lengths. The L,r shown in Figure 4.23 (a) had enough SNR

for constructing ultrasonic images in water at room temperature.

The signals obtained in silicone oil at 200°C when the front surface of the sample
was located at the focus of the lens is presented in Figure 4.23 (b). The L? observed at 48
ps was the third round trip echo in the rod. The Lyr signals indicated in Figure 4.23 (b)
were about 20 dB smaller than those in water at room temperature. This is due to the
facts that the ultrasonic attenuation in silicone oil at 200°C is significant and also the
acoustic impedance mismatching between the steel rod and silicone oil (200°C) is larger
than that between the steel rod and water (24°C), resulting in less transmission of
ultrasonic energy from the rod into silicone oil than into water. In addition, the spurious
signals in silicone oil at 200°C shown in Figure 4.23 (b) were much larger than those in
water shown in Figure 4.23 (a) because of the 20 dB larger electronic amplification of the
signals than in water, which reduce the SNR of the L,z. However amplitude and time
delay of these spurious signals are fixed at a constant temperature because they are
mainly echoes reflected inside the rod. Therefore, such spurious signals can be eliminated
by subtracting background signals measured without the sample from the signals
measured with the sample by digital signal processing techniques. In the following
imaging experiments, the data after subtraction are presented. It is noted that the
attenuation of ultrasound in the steel rod at 200°C is negligible because the probe was
operated at 450°C and the signal strength of the L! at 450°C was only 1.5 dB smaller than
that at 22°C.
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Figure 4.23  Ultrasonic signals from the rod and the sample (a) in water at room
temperature and (b) in silicone oil at 200°C.
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The imaging experiment was first carried out in water at room temperature, then
in silicone oil at 200°C using the same probe and sample. Figure 4.24 (a) and (b) show
the used signals for surface imaging, L,r, reflected form the front surface of the sample in
water at 24°C and in silicone oil at 200°C, respectively. Figures 4.25 and 4.26 show
ultrasonic images derived in water at room temperature and in silicone oil at 200°C,
respectively. Scan step was 100 pym for XY raster scan. The figures were constructed from
the amplitude or time delay of the echoes from the sample surface; darker color shows
larger amplitude, or longer time delay. The images of the figures including the characters
having 0.2mm-thickness on the one cent coin were clearly observed. Slight deformation

of the images was caused by movement errors of the XY-stage used in this experiment.

o)

Amplitude (arb. unit)

- Silicone Oil
at 200°C '

/] " n L L 1

55 56 57
Time Delay (us)

Figure 4.24 Ultrasonic signals obtained when a front surface of the sample is at focus
of the lens (a) in water at room temperature and (b) in silicone oil at
200°C.

97



Figure 4.25 Ultrasonic images of a US coin in water at room temperature, obtained by
plotting (a) the amplitude and (b) the time delay of the echo.

Figure 4.26 Ultrasonic images of a US coin in silicone oil at 200°C, obtained by
plotting (a) the amplitude and (b) the time delay of the echo.

In order to investigate the performance of the HT probe for inspecting defects

inside materials, experiments for sub-surface imaging were carried out. The same sample
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and experimental set-up as in Figure 4.21 were used again, except that the sample was
face-down for sub-surface imaging. Figure 4.27 (a) and (b) show the ultrasonic signals
reflected from the back surface of the sample in water at room temperature and in silicone
oil at 200°C, respectively. In addition to the Lyr reflected from the front surface of the
sample, the signals reflected from the back surface of the sample (L,q5) were observed in
water and in silicone oil, where the Ly,p (n=1,2) indicates the n-th round trip signals in the

sample.

Amplitude (arb. unit)

[ Silicone Oil |
- at 200°C .

46

— 44 ' 45
Time Delay (us)

Figure 4.27 Ultrasonic signals obtained when a back surface of the sample was at focus
of the lens (a) in water at room temperature and (b) in silicone oil at
200°C.

Figure 4.28 and Figure 4.29 show the ultrasonic sub-surface images measured in
water at room temperature and in silicone oil at 200°C, respectively. The sub-surface
features of the image of the US one cent coin were observed. The sub-surface images in
silicone oil at 200°C were not clear due to insufficient SNR. The imaging quality could
be improved by modifying the lens design shown in Figure 4.20, fabricating cladding
layers on periphery of the rod [117], and impedance matching layer at the lens-silicone oil

interface [127]. All of these steps could increase the SNR of the probe.
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Figure 4.28 Ultrasonic sub-surface images of US coin in water at room temperature,
obtained by plotting (a) the amplitude and (b) the time delay of the echo.

Figure 4.29 Ultrasonic sub-surface images of US coin in silicone oil at 200°C,
obtained by plotting (a) the amplitude and (b) the time delay of the echo.
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4.6- Summary

BIT/PZT films fabricated by the sol gel spray technique were deposited on various
substrates to demonstrate the capability of realizing NDE of metallic structures at high
temperature. These films with thickness ranging from 40 pm to 200 um were also
successfully coated directly on substrates, such as steel, stainless steel, titanium, nickel
and copper substrates, with planar, spherical concave and convex, and cylindrical concave
and convex surfaces, and thin sheets or foils. Ultrasonic measurements using the films
fabricated onto cylindrical and spherical convex surfaces were performed at 440°C. Flat
and curved self-supported films were also successfully fabricated. The capability of
ultrasonic monitoring of the extent of the artificial horizontal and vertical defects in steel
substrates at 440°C was also presented. An ultrasonic measurement setup for NDE of
large metallic substrates at high temperature was demonstrated. A supportive steel plate
was firmly attached to a large steel substrate through screws which exerted high pressure
between them. Ultrasonic signal generated by the BIT/PZT UT successfully passed the
supportive substrate, the aluminum foil couplant and reflected from the bottom of the

large steel substrate, and then received by the same UT at 520°C.

Ultrasonic measurement of the thickness of a steel plate was successfully
demonstrated with the probe fully immersed in molten zinc at 450°C. Ultrasonic surface
and sub-surface imaging in water at room temperature and in silicone oil at 200°C were
also carried out. The scanned ultrasonic surface and sub-surface images taken by the fully

immersed focused probe show good resolution.
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Chapter 5

Applications of sol gel composite HTUTS for on-

line ultrasonic monitoring of polymer process

5.1- Introduction

Ultrasound is capable of real-time monitoring of material properties and
processing conditions by penetrating barrels, molds. It has been proven in previous
chapters that BIT/PZT films fabricated by sol-gel based spray coating can operate at
temperatures up to more than 450°C with high SNR, up to 40 dB in the pulse-echo mode,
2-30 MHz operating frequency and broad bandwidth. Since plastics manufacturing
processes are usually carried out at elevated temperatures, the UTs for polymer process
monitoring must withstand the required temperatures continuously. Since these HTUTs
can be fabricated directly onto even curved surfaces such as barrels of extruder machine
in a non-intrusive manner, they can be a preferable choice for monitoring In addition,

couplant is not required and this is beneficial for continuous monitoring.

In this chapter, BIT/PZT and LT/PZT films fabricated by sol gel based spray
coating are used because of high operating temperatures. Applications for the real-time
monitoring of polymer extrusion, inj ection molding and micro-molding are demonstrated

by using a real industrial machine.
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5.2- Polymer extrusion: Barrel and screw status

Polymer extrusion is one of the most common industrial material processing
techniques in the plastic industry. The standard set-up includes an extruder and a die. The
polymer is fed into the extruder in the form of pellets through a hopper. Then it is melted
and transported along the barrel through various zones, such as solid conveying, melting,
mixing and pumping. Finally, polymer melt flows through a die where it forms the
desired shape of the product [30].

In this section, ultrasonic real-time monitoring of barrel wear and screw status was
attempted with LT/PZT and BIT/PZT films, to demonstrate their capability. The
conditions of barrels and screws are important to polymer extrusion [24-26]. Once screw
or barrel wear occurs, the clearance between threads of the extruder and the barrel
increases; as a result, production rate decreases because the melt in the barrel cannot be
transported efficiently. There are four basic mechanisms for wear: adhesion, abrasion,
corrosion and delamination. The wear may come from abrasion by abrasive materials
such as glass-fiber reinforced polymers; chemical corrosion resulted from, for example,
degradation of polyvinyl chloride (PVC) releasing hydrogen chloride, and erosion, etc.
Careful maintenance of the equipment and proper selection of screw and barrel can
reduce wear. However, screw and barrel wear is inevitable, and the extrusion efficiency
decreases rapidly with increasing clearance, following a cubic relationship [28]. Usually
the screw and barrel are examined periodically, for example, every few months. This
involves first shutting down the operation, removing and cleaning the screws, and then
manually measuring the size of individual screw and barrel elements. In order to maintain
a high production rate, real time monitoring of screw and barrel status is preferable, to
prevent costly, unnecessary shutdowns and deterioration of production efficiency and

quality before any serious production problem occurs.

For demonstration purpose, two sol gel based sprayed LT/PZT and BIT/PZT

HTUTs were deposited onto the top external surface of an extruder adaptor made of H13

103



steel, which is commonly used as barrel material. HTUTs can be fabricated at desired
locations through a shadow mask. A schematic diagram for the ultrasonic wave
propagation in a pulse/echo mode is shown in Figure 5.1. UTs mounted on the external
surface of the barrel adaptor generate ultrasonic waves. The ultrasonic waves propagate
into the barrel to its inner wall. The ultrasonic energy is partly reflected at the barrel inner
wall/molten polymer interface, and partly transmitted to the molten polymer, and then
reflected either by the flight or the root of the screw. Echoes are denoted by L', Lyr and
L,r in Figure 5.1 respectively; echoes Lz, L3, L4F, Ler, Lar and Lgg represent further round
trip echoes in the corresponding media. The same UT receives the returned echoes. This
technique is non-intrusive to the barrel. It is also non-destructive to the polymer melt,
since the average ultrasonic energy is only on the order of ten mill watts. Experimental
data obtained during extrusion of low-density polyethylene (LDPE) and high-density
polyethylene (HDPE) on a Werner & Pfleiderer (W&P) 30-mm twin-screw extruder are

presented.

Barrel wear dfp, the reduction in the thickness of the barrel wall 3 with respect to

that of an un-worn one, can be measured as [57],
Oty =ty —ty =g~V Aly/2 (5.1)

where 79 is the nominal barrel thickness, v;p is the ultrasonic longitudinal velocity in the
barrel, and Arp is the time delay between echoes L! and L2, as seen in Figure 5.1. vipis a
function of temperature, pressure and composition of the barrel steel. From reference
[146] and unpublished data at IMI, v;p in barrel steel is around 6000 m/s at room
temperature. The velocity change is nearly 1 m/s per °C when temperature is below

400°C, higher than the highest barrel temperature during polymer extrusion.
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Figure 5.1 (a) A schematic diagram of the ultrasonic waves propagating in the extruder
barrel and polymer melt and (b) the example of the echoes.

In cases where the barrel wall is worn but there is no screw misalignment, the

screw wear Jp_screw can be determined as [57],
Otp _screw=<tp > —lpg — Oty =V - <At, >/2+4v, Aty /2~1p, —tp, (5.2)

where < > represents an average over a certain observation time in order to eliminate the
effect of screw deflection , #p is the distance between the barrel wall and screw flight, zpy
is the nominal barrel/screw clearance, v;p is the longitudinal velocity in the polymer melt,
and Atp is the time delay between echoes L,y and L4p, as shown in Figure 5.1. It should be
noted that only screw flight wear is considered. In practice, screw wear is much severe at
the flight than at the root, and has the most dominant impact on production. vip is a
function of temperature and pressure. Empirically most polymer melts exhibit similar
rates of change. Velocity versus temperature and pressure for the polypropylene melt is
about 2 m/s per °C and 4.4 m/s per 100 psi, respectively [14]. In the following section,
LT/PZT and BIT/PZT HTUTs are demonstrated for barrel wear and screw status

measurements.
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The cross-correlation method was used as a signal processing procedure to obtain
time delay precisely. The correlation of two signals, w;(2) and wy(2), denoted Corr(w;(2),
wa(?), is defined by [128],

Corr(w,(t), w, () = [; w,(z +E)w, (r)d7t (5.3)

When w;(?) #w;(t), the correlation is called a cross-correlation, a function of time, with a
maximum corresponding to the two signals, wy(?) and w2(2). The correlation theorem says

that this correlation of two real signals is one member of the Fourier transform pair [128]
Corr(w, (t), w,(£)) = W, (@)W, (@) (5.4)

where W;(@) and W,(w) are Fourier transforms of w;(z) and w,(z), and the asterisk denotes
complex conjugation. Cross-correlation can be computed using the Fast Fourier
Transform (FFT) algorithm. By inverse transformation, it is possible to obtain a
maximum function value in the time domain, corresponding to the time delay between

two signals.

Figure 5.2 shows four LT/PZT films deposited on the top external surface of an
extruder adaptor [27]. Two platinum top electrodes, which were made by the vacuum
sputtering technique and define the active area of the HTUT, are aligned with screws
underneath. Spring-loaded HT electrical contacts were used to contact the top and bottom
electrodes; the bottom one is the steel adaptor itself. The actual setup in a W&P 30-mm
twin-screw extruder is shown in Figure 5.3. The monitored screw element was a 28/28
RH bushing in the pumping zone; the extruded material was LDPE. The average barrel
temperature, surface temperature of the external adaptor, and melt pressure at the

monitored area, were about 200°C, 190°C and 1000 psi, respectively.

Observed signals reflected from the barrel/molten polymer interface are shown in

Figure 5.4. The center frequency is around 18 MHz. Figure 5.4 clearly indicates good L
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and L7 signals; therefore barrel wear can be measured. From these measurements it was
found that the frequency is too high and the piezoelectric strength of LT/PZT film was
not sufficient to see signals reflected from the screw, for screw status monitoring.

Therefore, BIT/PZT films were developed and used to replace LT/PZT film HTUTs.

Top View
jB mm diL

Slant Side View

Figure 5.2 Four LT/PZT UTs deposited on the top surface of an extruder barrel adaptor.
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Figure 5.3 LT/PZT UTs on the top surface of an extruder barrel adaptor in a W&P 30-
mm twin-screw extruder.
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Figure 5.4 Echoes reflected from the extruder barrel adaptor/molten polymer interface.

Figure 5.5 shows BIT/PZT films deposited on the top external surface of an
extruder adaptor [57]. Three 11 mm diameter silver paste top electrodes, which define the
active area of the HTUT, were coated and aligned with screws underneath. Spring-loaded
HT electrical contacts were used to contact the top silver paste and bottom electrodes and
the bottom one is the steel adaptor itself. The monitored screw element was a 20/20 RH

bushing in the pumping zone. The extruded material was HDPE. The average barrel
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temperature, surface temperature of the external adaptor, and melt pressure at the

monitored area were about 200°C, 190°C and 1000 psi, respectively.

Figure 5.5 Sol gel sprayed BIT/PZT HTUT:s deposited onto the top external surface of
an extruder adaptor placed at the pumping zone of the extruder.

Three echoes, L', L? and L. reflected from the barrel adaptor/polymer melt
interface, are shown in Figure 5.6. The center frequency of these echo signals is around
10 MHz. The L' and L? signals have a SNR of 35 dB and 10 dB, respectively. At these
SNRs of L' and L?, the commbnly practiced cross correlation method can provide a

measurement accuracy of + 0.5 ns and then thickness measurement can remain the same

accuracy of = 3 um with provided temperature, pressure, and composition of the steel.
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Figure 5.6 Echoes reflected at the adaptor/molten polymer interface and received by the
sol gel sprayed BIT/PZT HTUT shown in the center of Figure 5.5.

Figures 5.7 (a) to (d) show the evolution of echoes reflected at the
adaptor/polymer melt, and from the screw flight during the first 40 s of data acquisition,
such as 0-4.25 s, 5-9.25 s, 10-14.25 s, and 35-39.25 s, respectively. In Figure 5.7, the
amplitudes of the echoes are represented in gray scale, i.e. the higher the amplitude, the
darker the gray level. Letters A and B denote echoes reflected by the tip of each screw
flight. The varying arrival times of echo signals reflected from flights A and B were
confirmed; these figures clearly demonstrate the ability of the spl gel sprayed HTUT to

monitor screw deflection during extrusion.
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Figure 5.7 Evolution of echoes reflected at the adaptor/molten polymer interface LY
and from the screw flight (Lr, Lsr, and Lgp, efc.) at the pumping zone with
the sol gel- sprayed BIT/PZT HTUT during the first 40s of data acquisition.
Letters A and B denote echoes reflected by the tip of each screw flight
within one revolution.
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Figure 5.7 Evolution of echoes reflected at the adaptor/molten polymer interface ™hH
and from the screw flight (L,r, Lar, and Leg, efc.) at the pumping zone with
the sol gel- sprayed BIT/PZT HTUT during the first 40s of data acquisition.
Letters A and B denote echoes reflected by the tip of each screw flight
within one revolution.
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To demonstrate signal quality, a single trace of the echoes extracted at 0.25 s
process time from Figure 5.7 (a) is shown in Figure 5.8. Since the SNR is about 6 dB, the
commonly practiced cross correlation method can provide a measurement precision of +
10 ns and the gap between the barrel inner surface and top of the flight can be measured
with accuracy of 10 pm, assuming that the longitudinal velocity in the polymer melt is
1000 m/s using and that temperature, pressure and composition of the melt are constant.
The accuracy of ¢ measurement is limited to 55 um, due to uncertainty and variance in
temperature and pressure measurements. Because of the low SNR, there may be the need
of a rather dedicated signal processing technique for real-time monitoring of screw status.
It should be noted that in large polymer extruder machines, the surface of the tip of screw
flights is much larger than those of the screw used in this section, thus much higher
ultrasonic echo strength, and as a consequence, a much higher SNR is expected, which

could enable real time monitoring of screw status.
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Figure 5.8 A single trace of signal extracted from Figure 5.7 (a) at 0.25 s process time.

In this section, only barrel wear and screw status monitoring is demonstrated.

However, material properties such as density and viscosity can also be measured, since

113



ultrasound velocity, attenuation, reflection coefficient and scattered signals depend on
molecular, chemical and physical properties of the material, and any changes in material
properties and process parameters may be linked with variation of ultrasonic properties.
In published papers, UTs have been demonstrated for monitoring viscosity [129],
polymer degradation [129,130], extrusion instabilities [131], and residence time
distribution [132]. It is expected that sol gel sprayed HTUTs are also capable of

monitoring material properties during processing for real-time quality control.

5.3- Polymer injection molding

Polymer injection molding is widely used for mass production of various kinds of
products such as telecommunication, transportation, automobile, commodity, and medical
applications, etc. Real-time process monitoring during injection molding remains a
fundamental issue as requirements of for high quality products and high production yield
increase. Conventional on-line quality control strategies require the use of thermocouple
and pressure sensors mounted in the mold. However, holes and channels must be
machined in the mold for sensor installation, which is not preferable due to economic and
geometric constraints. Furthermore, such conventional sensors may not provide sufficient
information. For instance, thermocouples may provide only the surface temperature of the
polymer melt, but not the bulk temperature nor temperature profile. Pressure sensors have
a threshold below which no accurate reading may be obtained. Because of the condition
of ruggedness, both temperature and pressure sensors may be big and lead to slow
response. Non-intrusive and non-destructive ultrasonic sensors may be one of
complementary tools, because of its ability to monitor the properties of polymers inside
the barrel and mold during injection molding in real time. In this section, developed
BIT/PZT HTUTs are applied to real-time process monitoring of polymer injection
molding [23,133,134].

Injection molding is the process of forcing melted polymer into a mold cavity

having a unique shape for a designed production part. Figure 5.9 shows a typical cycle of
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injection molding: (i) the filling stage, where the polymer melt is injected into the cavity
of a mold through a gate; (ii) the packing/holding/solidification stage, in which the cavity
is completely filled with the material, and additional melt is forced into the cavity under
high pressure until the gate is frozen, in order to compensate for shrinkage due to
continuous cooling. The part is then further cooled until it is sufficiently solidified; (iii)
the mold opening stage, when the mold is opened and the part is detached from the
immobile mold; and (iv) the part ejection stage, when the part is ejected from the cavity
of the mobile mold by the ejection pin. Then the mold is closed, and each stage is

repeated.

Mobile Immobile
Mold Mold

Polymer

Figure 5.9 Cycle of the injection molding process: (i) the filling stage; (ii) the packing,
holding and solidification stage; (iii) the mold opening stage; and (iv) the
part ejection stage.

Overall, essential information can be monitored by ultrasonic technique during the
process, such as filling completion, flow front advancement and flow front velocity, and
solidification, which significantly affects the quality of the molded part. Here, real-time
monitoring of filling completion is demonstrated using developed BIT/PZT ultrasonic
sensors. Filling completion of the mold with the injected material is one of the most

critical requirements for the molding process since the incomplete parts must be rejected.
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In order to probe the behavior of the polymer inside the mold cavity during the
injection molding process, BIT/PZT HTUT sensors were integrated into the mold insert.
Mold inserts are commonly used in injection molding machines, particularly for multi-
cavity molding processes. This approach, using sensor inserts in combination with a
mold insert, is practical for molds of any size. Figure 5.10 shows a BIT/PZT HTUT
sensor insert with (right) and without (left) electrical connection. A BIT/PZT HTUT was
directly deposited onto a steel substrate as a small insert with dimensions of 44.5 mm x
25.4 mm x 12.7 mm. A silver paste top electrode with a diameter of 10 mm, which
defines the active sensor size, was fabricated at the center of the substrate. Teflon
insulated coaxial cables were used for electrical connection between the HTUTs and
pulser-receivers. The maximum operating temperature of this coaxial cable is 200°C. For

applications above 200°C, a ceramic insulated cable may be used as an electrical cable.

Stee

7 mm

Figure 5.10 HTUT sensor inserts with (right) and without (left) electrical connection,
used for monitoring the injection molding process.

A mobile mold and a large mold insert with four embedded HTUT sensor inserts
(small inserts) are shown in Figure 5.11. The mold and mold insert were made of steel,
like the substrates of HTUT sensors. The mold cavity dimensions are 76 mm x 165 mm x

1 mm. A hole at the center of the mold insert is for an ejection pin used for demolding
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urpose. By replacing the mold insert, the shape and dimensions of the molded parts can
easily be modified to meet the customer’s demands. The bottom surfaces of the HTUT or
insert and mold insert become the cavity surface of the mobile mold, as shown in Figure
5.11 (a). The distance between the centers of UT1 (UT3) and UT2 (UT4) was 34.9 mm,
and the distance between UT2 and UT3 was 44.5 mm, as shown in Figure 5.11 (b). All
HTUTSs had almost the same ultrasonic performance. The center frequency and 6 dB

bandwidth were 9-11 MHz and 6-8 MHz, respectively.

34.9 44.5 34.9 [mm|

(b) Back View (UT Side)

Figure 5.11 A mobile mold and a large mold insert with four embedded HTUT sensor
inserts (small inserts).

Figure 5.12 presents a cross-sectional view of the mold (mobile and immobile),
the large mold insert with four HTUT sensor inserts (UTs 1-4), and the molded part (or
polymer melt), showing the paths of ultrasonic echoes. UTs 1-4 correspond with Figure
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5.11. During the injection molding process, polymer melt is injected into the mold cavity
through the gate placed at the center of the immobile mold. After a certain period, the
mobile mold and the molded part are separated from the immobile mold; then the molded
part is ejected from the cavity of the mobile mold by the ejection pin, as seen in Figure
5.9. For comparison with ultrasonic data, a temperature and pressure sensor (6190A,
Kistler Instrument AG, Winterthur, Switzerland), whose sensing end is circular with a
diameter of 4 mm, is attached to the immobile mold, with the end of the sensor flush with
the inner surface of the immobile mold. The end of this Kistler sensor faces UT1, as
shown in Figure 5.12. Ultrasonic waves propagated into the mold insert are reflected at
the bottom surface of the mold insert contacting the mold cavity; when the polymer fills
the mold cavity, the ultrasonic energy is partly transmitted to the molten polymer, and
then reflected by the immobile mold. Echoes are denoted by L' and L, in Figure 5.12
respectively. The echoes Lz, L3, ... and Ly, Lg, ... represent further round-trip echoes in

the corresponding media.

/M il¢ Mo
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Ejecti /
Pin /ﬂT3 Gate
T4
Large]
Mold
Insert 1 sert/

Figure 5.12 Cross-sectional view of the mold (mobile and immobile), large mold insert
with four HTUT sensor inserts (UTs 1-4), and molded part (polymer melt).
L" and L,, (n=1,2,3...) represent n-th round trip echoes propagating in the
mold insert and the polymer, respectively.
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All the experiments presented in his section were conducted in ultrasonic pulse-
echo mode. The ultrasonic data acquisition system was composed of four pulser-recivers
(PR35, JSR Ultrasonics, Pittsford, NY for UT1 and UT2; 5072PR, Panametrics Inc.,
Waltham, MA for UT3 and UT4), two 12 bit dual-channel digitizing boards
(CompuScope 12100, Gage Applied Science Inc., Montréal, QC, Canada) with a
sampling rate of 50 MHz for each channel, and two personal computers. The experiments
were carried out using a 150-ton injection molding machine (Engel GmbH, Schwertberg,
Austria). The material employed was an injection grade polycarbonate, PC (CALIBRE
200-14, Dow Chemical Co., Midland, MI), an amorphous thermoplastic. The molding
conditions were set as follows: melt temperature was 320°C; mold temperature was
120°C; and injection speed was 110 mm/s. The total cycle time was about 30 s. The data

acquisition rate was 10 Hz, unless specifically mentioned.

Figure 5.13 shows a typical result of acquired signals from UT1 during injection
molding. Although the signals were acquired during a whole cycle (30 s) with time delay
ranging from 4 to 24 ps. covering L' to L* echoes, only the signals at the beginning (from
4 t0 9 s) and the end (from 22 to 27 s) of the process in the time delay range from 4 to 9.6
us, covering L' to L% echoes, are shown. S' represents the first round trip shear wave echo
reflected at the bottom surface of the mold insert, contacting the mold cavity. When the
polymer melt arrived at UT1’s location at a process time of 5.8 s, L, and L4 echoes
propagating in the polymer started to appear. At this moment, L¢ and Lg echoes were out
of the time delay range in Figure 5.13. At a process time of 25.5 s, Ly, L4, L and Lg

echoes vanished, indicating that the molded part was detached from the mold insert.
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Figure 5.13 Typical signals measured with UT1 during injection molding.

In order to investigate further the correlation between observed ultrasonic signals
and the process cycle, the amplitude values of L* and L? echoes with respect to process
time were calculated, using signals obtained from UT1. Here the L* echo was chosen
instead of L', since higher-order round trip echoes of L" can lead to higher sensitivity to
the mold insert/polymer interface condition in principle, because of more reflection at this
interface [4]. This result is presented in Figure 5.14 (a). Temperature and pressure values
measured by the Kistler sensor are also presented in Figure 5.14 (b) for comparison. It
should be noted that the data shown in Figure 5.14 were acquired during a different cycle
than those in Figure 5.13; thus the process time at which L, echo appeared or disappeared
in Figure 5.14 (a) is different from that in Figure 5.13.
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Figure 5.14 (a) Amplitude variations of L' and L, echoes measured with UT1, and (b)
temperature (solid line) and pressure (dotted line) variation measured with a
Kistler sensor during injection. Arrows A, B and C indicate the times of
flow front arrival at UT1 location, mold opening and part ejection,
respectively.

At process time A, the polymer melt arrived at UT1 and the Kistler sensor
location simultaneously. The amplitude of L* echo suddenly decreased, and L, started to
appear, as seen in Figure 5.13 (a), since a part of the ultrasonic energy was transmitted
into the polymer through the mold insert/polymer interface. As shown in Figure 5.13 (b),
around process time A, the pressure and temperature raised sharply from zero to 40 MPa
and from 116°C to 137°C, respectively. It should be noted that the pressure sensor has a
threshold in its response, resulting in a slight time delay, in this case around 0.1 s
response difference from the ultrasonic measurement. In addition, the measured

temperature was below the melt temperature of 320°C, since the Kistler sensor is only
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able to measure the temperature of the contact (or surface) of the part and not melt

temperature.

Just after time A, the amplitude of L, echo decreased and increased for a few
seconds, between 5 and 7 s, which may reflect varying ultrasonic attenuation in the
polymer during solidification. As soon as the molten polymer is injected into the mold
cavity, it comes into contact with the cold mold, and starts to solidify. During
solidification, attenuation takes a maximum value at a certain temperature, even though
the velocity increases monotonically [135]. At process time B, the mold was opened and
the molded part was detached from the immobile mold, as shown in Figure 5.9 (iii).
Consequently, the amplitude of L, echo increased due to the almost total reflection at the
polymer-air interface. In addition, a phase change of 180° was observed in the L, echo at
process time B, since the acoustic impedance of the polymer is less than that of the steel
mold but larger than that of air, resulting in a change of sign of reflection coefficient at
this interface from plus to minus. Such phase reversal of the L, echo is also a good
indication of part detachment from the immobile mold. At time C, the amplitude of the
L* echo recovered to its initial value and the L, echo disappeared, indicating that the part
was detached from the mold insert due to part ejection, as shown in Figure 5.9 (iv).
Therefore it can be declared that the times of flow front arrival, mold opening and part
detachment were clearly observed in the ultrasonic echoes, as indicated by arrows A, B

and C, respectively, in Figure 5.14 (a).

Complete filling of the mold with the material being injected is the most critical
requirement for the molding process, since incomplete parts must be rejected. Figure
5.15 shows one incomplete molded part (#1) and three successively molded (#2-4) parts
under the same molding conditions. Accidentally part #1 had defects on both bottom
corners, as indicated by arrows in Figure 5.15. The volume filling rate for part #1 was
calculated to be 99 %. Figure 5.16 presents the amplitude of L, echoes obtained during
the cycles for parts #1-4 shown in Figure 5.15 from UTs 1-4, whose locations are
indicated in Figure 5.15. Even though the part was filled at UT3 and UT4 locations for

part #1, one can see that the L, echoes measured with UT4 appeared for a few seconds
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only at the beginning of the cycle. In addition, the amplitude of the L, echoes measured
with UT3 gradually decreased to noise level before the mold opened at process time B.
These are due to the fact that the part detachment at the UT3 and UT4 locations occurred
before the mold opened, because of shrinkage of the part caused by inadequate filling
pressure. The L, echoes measured with UT2 for part #1 appeared in the entire time range
between A and B; however the amplitude was a little smaller than those for parts #2-4. It
is concluded that the presented ultrasonic method is able to monitor incomplete filling of

the part, even if the lack of filling rate is only 1 %.

It should be noted that part ejection time C was not observed on the L, echoes
measured with UT2 and UT3 for parts #2-4, as shown in Figure 5.16. This is because
part detachment at UT2 and UT3 locations had already occurred at time B, since the part
in the gate area was weakly pulled towards the immobile mold when the mold was
opened, resulting in a slight bending of the part. The part in the gate area was cut from

the molded parts after ejection; hence the part in the gate area is not seen in Figure 5.15.

UT
76 mm Location

165 mm

" 990, X 100% 100 100 %
Part: #1 #2 #3 #4

Figure 5.15  One incomplete (#1) and three complete (#2-4) molded parts under the
same molding conditions. Filling rate of part #1 was 99%.
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Figure 5.16 Amplitude variation of L, echoes measured during injection cycles for parts
#1-4 shown in Figure 5.15.

5.4- Micro-molding

Miniaturization continues to be a demanding trend in the fields of MEMS,
microelectronics, communication, optoelectronics, and biotechnology. However,
conventional injection molding mentioned in the previous section has a scale-down
problem: the smallest molded part has dimensions on the order of 1 mm, and a mass less
than a gram [20]. In recent years micro-molding has been developing rapidly, and
demonstrates the ability of fast and precise micro-fabrication [21, 22]. Micro-molding is
different from conventional injection molding in terms of high injection speed and rapid
cooling, while the fundamental process is similar. Process conditions may be more
difficult than those in conventional molding. Very little work has been performed to
investigate the actual dynamics of the process, even though real-time monitoring provides
a deeper understanding of the process, crucial for simulated model validation. The size of
micro-cavities may be difficult for conventional sensors to monitor. However, in a

previous report [21], a pressure sensor was mounted behind the cavity ejector pin, and a
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thermocouple in the mold, to monitor cavity pressure and mold temperature, respectively.
As mentioned before, pressure sensors have a threshold response resulting in a time delay,

and installing it behind the ejector pin puts a certain limit on its sensitivity [19].

It is the intention in this section to monitor the entire micro-molding process.
Therefore, BIT/PZT UTs were fabricated on the external barrel and a mold insert of a
micro-molding machine. A Battenfeld Microsystem 50 was selected as a typical
commercial micro-molding machine; feed hopper and barrel section of the machine are
shown in Figure 5.17. The barrel is mounted at an angle of 45 degrees to the injection

axis, so the feeding metering piston can accurately prepare a dose of material.

Feed Hopper

Figure 5.17 A part feed hopper and barrel sections of a Battenfeld Microsystem 50.

Figure 5.18 shows seven UTs fabricated on the barrel. UTs 1-3 and 5-7 were
located in the feeding and heating zones, respectively, and UT4 between these zones. The
length of the barrel was 265 mm. The internal diameter was 14 mm, and the external
diameter at the areas of UTs 1-3, 5-7 and UT4 were 40 mm and 30 mm, respectively. All
UTs had almost the same ultrasonic performance. The center frequency and the 6 dB

bandwidth were around 13 MHz and around 13 MHz, respectively.
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Figure 5.18 BIT/PZT UTs fabricated on the barrel of a micro-molding machine.

Figure 5.19 shows the four BIT/PZT UTs on the mold insert, with electrical
connections for UT1 and UT2. The diameter and thickness of the mold insert were 61 mm
and 18 mm, respectively. UT1 and UT2 were located above the cavity of the mold insert
at depths of 1 mm (runner area) and 0.3 mm (part area), respectively. All HTUTs had
almost the same ultrasonic performance. The center frequency and the 6 dB bandwidth

were 9-11 MHz and 6-8 MHz, respectively.

Real-time monitoring of the micro-molding process was performed with the UTs
fabricated on the barrel shown in Figure 5.18. First, polyethylene (PE) pellets were fed
into the barrel and melted. The screw rotated at 110 rpm. A schematic diagram of
ultrasonic wave propagation in a pulse-echo mode is shown in Figure 5.20. The UT
mounted on the external surface of the barrel generates ultrasonic waves, which propagate
through the barrel to its inner wall, contacting the PE melt. Similar to the description is
section 5.1, the ultrasonic energy is partly reflected at the barrel inner wall/PE melt
interface, and partly transmitted to the PE melt, then reflected either by the flight or the
root of the screw. These Echoes are denoted by Ll, Lyr and L,g in Figure 5.20
respectively. Echoes L? L4, and L represent further round trip echoes in the

corresponding media. Figure 5.21 shows resulting acquired signals from UT6 in the
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heating zone of the barrel, as shown in Figure 5.18. The signals reflected from the flight
and the root of the screw are clearly confirmed in Figure 5.21, with SNR of more than 10
dB. Therefore, real-time monitoring of polymer melt properties such as viscosity, density,

composition, efc. is possible [135].

Polymer Melt

Part Area
(Depth 0.3 mm)

Gate\ \

il

Cavnty Runner Area
(Depth 1 mm)

61 mm

Figure 5.19 BIT/PZT UTs fabricated on the mold insert of a micro-molding machine.

UT

Figure 5.20  Schematic view of ultrasonic signals propagating in the barrel and the
polymer melt.
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Figure 5.21 Ultrasonic signals reflected at the barrel/PE melt and PE melt/screw
interfaces measured with the UT6 at the heating zone of the barrel.

Next, PE melt is injected and fills the cavity of the mold insert shown in Figure
5.19. Figure 5.22 presents a cross-sectional view of the mold insert with UT sensors (UT1
and UT2) and the PE melt, showing the paths of ultrasonic echoes. The ultrasonic waves
propagate into the mold insert; their energy is reflected at the bottom surface of the mold
insert contacting the mold cavity, and when the polymer fills the mold cavity, the
ultrasonic energy is partly transmitted to the molten polymer, and then reflected by the
immobile mold. Echoes are denoted by L' and L, in Figure 5.22 respectively. The echoes
L% and Ly, L, Lg represent further round trip echoes in the corresponding media. Figure
5.23 (a) and (b) show ultrasonic signals reflected at the mold insert/PE melt interfaces
measured with UT1 above 1 mm-thick PE melt, and those measured with UT2 above 0.3

mm-thick PE melt in the cavity. The echo propagating in the PE melt with a thickness of
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0.3 mm was clearly determined. It should be noted that echoes could be observed even

with a thickness of less than 100 pum because of sufficient spatial resolution of the

broadband BIT/PZT UT.

PE Melt
N

UT1 UT2

+

0.3mm

Figure 5.22 Schematic view of ultrasonic signals propagating in the mold insert and the

PE melt.
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Figure 5.23 Ultrasonic signals reflected at the mold insert/PE melt interfaces, measured
by UT1 above 1 mm-thick PE melt (a), and by UT2 above 0.3 mm-thick PE

melt (b).
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After complete filling of the cavity with PE melt, the ultrasonic velocity variation
of the PE was measured during solidification. The velocity was obtained by 2¢/A¢, where ¢
is a thickness of the PE in the cavity and At is the time delay difference between L, and
L4 echoes measured with UT2, as shown in Figure 5.23 (b). The result is presented in
Figure 5.24. The velocity increases linearly as temperature increases. This result is in

good agreement with that measured by the static ultrasonic measurement system [135].
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Figure 5.24 Velocity change of PE in the cavity of the mold insert during solidification.
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5.5- Summary

Real-time monitoring of industrial material processing, such as polymer extrusion,
injection molding, and micro-molding, has been demonstrated. BIT/PZT and LT/PZT
UTs were fabricated on the external surfaces of barrel and mold inserts in order to probe

conditions inside the barrel and the mold cavity, respectively.

By using the broadband HTUTs developed in this thesis work, real-time
monitoring of barrel wear and screw conditions during polymer extrusion, and of filling
completion during injection molding, have been successfully performed. For injection
molding, HTUT were fabricated onto small mold inserts embedded into a large mold
insert. In this configuration, ultrasonic monitoring was non-invasive and non-destructive.
A thickness measurement of less than 100 pm in PE melt is possible for micro-injection
molding. Velocity obtained during solidification of PE during micro-molding shows good
agreement with that measured by a static ultrasonic system. Since ultrasonic velocity is
related to material properties such as viscosity, density, composition, efc. [135], it is
suggested that real-time monitoring of material properties is possible, and offers great

potentials for micro-molding as well.

131



Chapter 6

Development of HTUTs using brazing and

diffusion bonding techniques

6.1- Introduction

As mentioned in Introduction, development of cost-effective sensors and
ultrasonic systems is crucial for industries to produce high quality products with low cost.
Nondestructive testing of materials at elevated temperature and on-line ultrasonic
monitoring application include the following required conditions for HTUTs; high
operating temperature, relatively low MHz center frequency, broad frequency bandwidth,
high SNR, high piezoelectric strength, etc. However, it is quite a challenge to fulfill all
these requirements. For example, sol gel spray HTUTs can satisfy all the above
requirements except that the piezoelectric strength is not strong due to the porosity
existed in the thick film. If the strength is not high, for example, the thickness of the
polymer melt under monitoring must be small; this causes the limitation of on-line

ultrasonic monitoring of polymer processes.

To fabricate a HTUT, using a high T, piezoelectric material is not sufficient,
rather the entire HTUT assembly must be able to withstand high temperature and with
acceptable performance. For example, backing materials and couplants are generally used
for UTs, as shown in Figure 6.1, to obtain broad bandwidth and good ultrasonic
transmission, respectively. But Tungsten/Epoxy composite, mainly used as a backing
material for room temperature UT because of its high absorbance and acoustic impedance
matching [55], cannot be used. The reason is that most epoxies cannot exceed 250°C [56].
Liquid couplants can be usually interposed between a piezoelectric transducer and the

object, to help ultrasonic transmission. However, they evaporate at elevated temperatures.
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It means that after a certain time, replenishment of liquid couplant is required. This might
not be practical for continuous on-line monitoring. Dry ceramic powder or refractory
adhesive cement may also serve as an alternative couplant, and can work at over 300°C
[51,52]. However, signal strength and SNR will degrade due to the porous, thick film
after drying [53]. Thin metal films such as gold and aluminum foil can replace the liquid
couplant. In this case, in order to obtain acceptable ultrasonic transmission, pressure of >
10 N/mm* should be applied between the stand-alone UT and the object during

monitoring [54], which is not convenient.

Electrical
_~  Cable

Piezoelectric

Electrical Crystal

Contact

Electrode <) Couplant

Figure 6.1 Schematic of a broadband UT with high loss backing material.

Therefore, in this chapter permanent bonding of single crystal with high T, and
high piezoelectric strength onto steel substrates are investigated. It is expected that single
crystals will provide high piezoelectric strength because of lack of porosity. However, the
ability to be used on curved surfaces may be sacrificed. To fabricate broadband HTUTs, a
delay line with matched acoustic impedance can be used instead of a high ultrasonic
absorption backing material [136-138]. Such a schematic is shown in Figure 6.2. In this
chapter methods to establish bonding between piezoelectric single crystal and steel
substrate for high-temperature use will be focused. Forming a successful bonding means
that ultrasound can be transmitted through the interface efficiently during thermal cycles.
Since the reflection coefficient at the sold-air interface is large, a gap larger than 1 pm

may lead to total ultrasonic reflection at the gap. Therefore the bonding task is not trivial,
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because substantial differences in mechanical and physical properties, especially in their
coefficients of thermal expansion between the piezoelectric single crystal and metallic
electrode or substrate or delay line lead to excessive stress at the interface. This stress
may induce cracks and crack propagation during thermal cycles. In terms of bonding
methods, brazing and diffusion bonding are discussed in this section. An LN single
crystal was chosen for the piezoelectric crystal, due to its high T, (around 1150°C [32,

45]) and commercial availability.

Electrical
_—~ Cable

Piezoelectric

Electrical Crystal

Contact

. Bondin
Electrode ~\] s

| Material

Figure 6.2 Schematic of a Broadband UT with a metallic delay line.

6.2- Brazing HTUTSs

Brazing is a joining technique using heat and a filler metal whose melting
temperature is above 450°C, but below the melting point of the joined materials. If the
filler’s melting temperature is lower than 450°C, the join is called soldering. Soldering is
often not suitable for high temperature use, since the maximum operating temperature for

the bonded parts depends on the melting temperature of the filler metal. If the melting
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temperature of the filler temperature is higher than the joined materials, there is no reason
to use a filler metal. Welding is similar to brazing; it joins metal parts by melting and
fusing them together, usually with the addition of welding filler metal. Welding is not
suitable for bonding LN to a steel substrate which is the delay line material used in this
thesis, for several reasons given below. First, welding is not suitable for assembling
dissimilar materials. Second, welding requires a higher temperature than brazing. Because
piezoelectric materials tend to be depoled above half of their T., a lower processing
temperature such as for brazing is preferable. Third, welding uses localized heating,
which is not desirable for LN because LN is usually single crystal and has weak thermal

shock resistance.

The principal of creating strong bonding between two parts by brazing is capillary
action. During brazing, heat is applied. The filler metal is melted instantly by the heat,
and drawn by capillary action completely through the joint interface. The bonding is
created by a metallurgical bond between the filler metal and the surface of the part being
bonded. In joining, forming an “intimate” interface is the first requirement. An “intimate”
solid (the parts being joined)/liquid (the molten filler metal) interface can be formed if the
liquid wets or spreads, thereby penetrating irregularities on the solid surface. The second
crucial requirement in all cases is the presence of a stable chemical equilibrium at the

interface.

As 1s seen in Figure 6.3, the shape of a drop of molten filler metal on a solid
surface is determined by gravity and the interacting forces of solid-liquid interfacial
energy (Usz), solid-vapor interfacial energy (Usy), and liquid surface tension (Uyy). This
balance of interfacial tensions is characterized at equilibrium by the Young equation

[139]:

Usty —Ugy + Urycos@ =0 (6.1)

The angle between the solid surface and the tangent to the liquid surface at the contact

point, or contact angle 6, varies from 0 to 180°. Contact angle & is greater than 90° when
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Ugy is larger than Usy, and the molten filler drop tends to become spheroid, as shown in
Figure 6.3 (a). If the contact angle & is less than 90°, the liquid filler metal drop flattens
out and wets the solid surface, as shown in Figure 6.3 (b). To form a joint with brazing
filler metal, the surface of the solid material must be wet, meaning that Usy must be larger
than Ug. However, since ceramics and crystals both have high Uy, it is difficult to wet
their surfaces. In addition, they do not react with normal brazing filler metal liquids, so

that there is no chemical equilibrium at the interface.

Liquid

(2) (b)

Figure 6.3 Schematic of sessile drops and interfacial energies (a) non-wetting (b) wetting.

There are two main approaches to accomplish wetting and an equilibrium reaction
between a metal part and a ceramic or crystal part: one is active brazing [75,139]. A small
percentage of a reactive metal such as titanium is added to the Cu x Ag brazing filler
metal. The high oxidation potential of titanium causes a redox reaction with the ceramic,
which results in spreading the brazing filler liquid metal, forming an oxide compound at
the interface, and strong chemical bonding. Another extensively used procedure is
metallizing the ceramic surface, so as to join two metal surfaces with standard brazing
materials. In this section, the latter procedure metallizing was selected, since active
brazing materials cause chemical reactions with the piezoelectric material, which may
degrade its piezoelectricity. Molybdenum/manganese or some other type of metallizing is
common; however, this process is complicated and expensive [139,140]. In this section,
we used LN single crystals with Cr/Au electrodes, a commonly commercially available
configuration, so that metallizing for wettability and top electrode fabrication can be

accomplished in one step.
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Next we explain the detailed brazing bonding procedure. First one must prepare
an LN crystal with a Cr/Au electrode and a steel substrate; commercial 36° rotated Y cut
LN crystals for longitudinal UT with Cr/Au electrodes were purchased, for example, from
Almaz Optics, Inc, Marlton, NJ, USA. Then both surfaces must be carefully cleaned;
capillary action works properly only when the surfaces are clean. Contaminants such as
oil or grease will form a barrier between the surfaces and the brazing material, carbonize
during heating, cover the surfaces, and disturb the wetting. Oil and grease are removed by
dipping into a suitable degreasing solvent. For the steel delay line, abrasive cleaning is
required next to remove the oxide layer. After rinsing, further ultrasonic cleaning with
degreasing solvent is carried out. Once the parts are thoroughly clean, the brazing process

should be done as soon as possible, to prevent recontamination.

After cleaning, parts should be assembled with brazing material before heating.
The brazing filler metal is placed between the LN crystal coated with Cr/Au electrode and
the steel delay line. The brazing filler metal is usually covered by flux, a chemical
compound to prevent, dissolve and absorb any oxides during heating. Fluxing is an
essential step in the brazing operation, since heating a metal surface accelerates the
formation of oxides, resulting in chemical combination between the hot metal and oxygen
in the air, which impedes wetting. Fluxing can be omitted if the assembly is brazed in a
controlled atmosphere, a gaseous mixture or vacuum in an enclosed space, usually a
brazing furnace, so that the atmosphere completely envelops the assembly and prevents

oxidation. The pressure to the LN crystal and the brazing material is added during heating.

Since LN has weak resistance to thermal shock, heat is added to the entire
assembly up to the flow point of the brazing filler metal, in a furnace or a vacuum furnace.
Problems encountered here include poor adhesion and crystal cracking. Poor adhesion
comes from the weak amalgam composed of the brazing filler metal and the gold top
electrode; this indicates that selecting the brazing filler material is important. Crystal
cracking is mainly due to sudden thermal shock to the LN crystal. For brazing, rapid

heating and cooling after the flow point is ideal; however, because of the thermal
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conductivity difference between the LN crystal, Cr/Au electrode and the steel delay line,
rapid heating and cooling causes thermal gradients inside the LN crystal. Furthermore, at
the moment when the brazing filler metal liquefies, the temperature of the LN surface
contacting the brazing filler liquid metal may increase rapidly, resulting in thermal shock
within the crystal. In this section, after some preliminary tests of available brazing
materials, a Cu x Ag brazing filler metal, Braze 630 from Lucas-Milhaupt, Inc., Cudahy,
WI, USA was chosen. Its characteristics are shown in Table 6.1. Gold may be a better
brazing filler metal for improving the wettability of the Cr/Au electrode; however,
because of its higher brazing temperature, it can increase the possibility of cracking.
Brazing was performed in a vacuum furnace, as shown in Figure 6.4; bonding was carried
out inside the cylindrical vacuum chamber of a conventional vacuum system, employing
a diffusion pump backed by a rotary pump. Heating came from an induction coil
connected to a radio frequency provider. The cross section of the assembly is shown in

Figure 6.5. The assembly was heated to around 900°C inside the vacuum chamber.

Table 6.1: Characteristics of Braze 630

Nominal Composition

Silver 63.0£1.0%

Copper 285+1.0%

Tin 6.0+0.5%

Nickel 25+05%

Total other elements 0.15 % max.
Physical Properties

Color White

Solidus (Melting point) 690°C

Liquidus (Flow point) 800°C

Brazing temperature range 855°C -1010°C
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Figure 6.4 Vacuum furnace for brazing.
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Figure 6.5 A cross section of the assembly for vacuum brazing.
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The sample obtained is shown in Figure 6.6. The ultrasonic signal L', L7, L* was
obtained at 460°C; the results, shown in Figures 6.7 and 6.8, indicate the capability to
fabricate a broadband HTUT. Ll, Lz, L? are nth echo reflected from the bottom of the
substrate. Figure 6.8 shows the spectrum of the L' signal in Figure 6.7. The center
frequency was around 13 MHz, and the 6 dB bandwidth is about 10 MHz. The SNR was
more than 20 dB. However, several problems still remain. First, after brazing, the signal
strength was weaker by 40 dB than that before brazing. The reason could be the
deterioration of the Cr/Au electrode. The second problem is low reproducibility. For the
future experiment, to change the brazing filler metal to gold filler metal or high-
temperature soldering material may improve the reproductivity. Because of the weak
piezoelectric strength, the ultrasonic performance of HTUTs made by brazing technique

is inferior to that of the sol gel sprayed composite thick film BIT/PZT HTUTs.

Figure 6.6 A sample of a LN HTUT brazed to a delay line.
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Figure 6.7

Figure 6.8

—

at 460°C
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Time domain of ultrasonic signal obtained from the sample seen in Figure
6.6 at 460°C.

Amplitude (arb. unit)
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Frequency domain of ultrasonic signal obtained from the sample seen in
Figure 6.6 at 460°C.
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6.3- HTUTSs with diffusion bonding

Solid-state diffusion bonding of ceramics to metals offers an alternative to brazing.
According to the definition of the International Welding Institute, “Diffusion bonding of
materials in solid state is a process for making a monolithic joint through the formation of
bonds at the atomic level, as a result of closure of the mating surfaces due to local plastic
deformation at elevated temperature, which aids interdiffusion at the surface layers of the
materials being joined.” [141]. Diffusion bonding is also referred to as pressure joining,
thermo-compression welding, solid-phase welding, efc., since this process uses heat

below melting temperature, along with pressure [141,142].

Diffusion refers to the actual transport of mass in the form of discrete atoms
through the lattice of a crystalline solid. Diffusion may proceed by four mechanisms, such
as exchange of place between two adjacent atoms, motion of interstitial atoms, circular
exchange of four atoms, or motion of vacancies, as shown in Figure 6.9 (a)-(d),
respectively. According to comparison results of activation energies, the vacancy
mechanism is dominant for pure metals and alloys. An atom at a lattice site may jump to
an adjacent site; when this happens, the diffusing atom can be activated so that it can

clear the potential barrier between the sites, making diffusion bonding possible.
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Figure 6.9  Mechanism of diffusion in a metallic lattice: (a) exchange of places
between two adjacent atoms, (b) motion of interstitial atoms, (c) circular
exchange of four atoms, and (d) motion of vacancies.

The diffusion of atoms can occur only if the diffusing atoms have sufficient
energy to migrate through the lattice. For diffusion bonding two factors, mechanical and
thermal energy, must be taken into account simultaneously. The diffusion bonding
process can be divided into two basic phases; the first phase is forming and developing
initial contact between the surfaces, and the second phase is forming a joint and
developing bulk interaction. During the first phase, activation by heat and deformation,
and the scouring of the surfaces, raise the potential energy of atoms so that metallic bonds
can form. The activation parameters are bonding temperature 7 and bonding pressure 77,

the hyperbolic relation is confirmed empirically as [141]

11 v = vyUy 0yt = constant 6.1)

where vy, is the factor related to the mechanical energy extended to deform a volume B,
vy is the factor related to the thermal energy imparted to the same volume B, o, is the

yield strength, and 7, is the melting point. The second phase is characterized by bulk,
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grain-boundary and surface hetero- and/or self-diffusion; the principal parameters are
bonding temperature 7, bonding pressure 77, deformation £, and holding time Az. A simple,
single model that covers all the varieties of diffusion bonding is difficult to develop. As
an example, the equation for optimal parameters for a joint with impact strength a; = 0.5,
which is related with vy, of the bonding quality of low-carbon, low-alloy, and stainless

steel in vacuum is obtained empirically as [141]

K, =(c! /T )0.284+T1 /25-0.046+/Ar) (6.2)

where K, is the minimum value of o) /5, o, is the tensile strength of the softer metal,

such as gold or aluminum in our case, in the combination at bonding temperature 7, and

o} is that of the harder metal, such as a steel delay line in our experiment.

Diffusion bonding offers several advantages over brazing and welding;
specifically, high quality joints can be obtained at relatively low temperature. Therefore
diffusion bonding between LN single crystals and acoustic delay lines has been
investigated for many years [81,143-146]. Indium is used as the soft metal in many cases
[81,143-145]. However, indium oxidizes easily, even at room temperature; therefore
vacuum conditions are necessary for indium diffusion bonding. In this section, diffusion
bonding between an LN crystal with Cr/Au electrode and a steel delay line was attempted
at relatively low temperature, without vacuum. Gold/aluminum or gold alone was

selected instead of indium/gold.

The detailed fabrication process is the following. First one prepares an LN with
Cr/Au electrode and a steel delay line. Well-polished LN UTs with Cr/Au electrodes are
commercially available. The steel delay line must be well polished, because good surfaces
in contact are essential for diffusion bonding. Even for soft metals such as aluminum or
gold or gold/aluminum, surface roughness should not exceed 80 um. The surfaces are
cleaned by acetone, methanol, and pure water, to improve adhesion between top surfaces

and coated metal films in the next step.
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A thin chromium layer is evaporated before soft metal evaporation, in order to
enhance the adhesion between the top surfaces of the LN with Cr/Au electrode, the steel
delay line, and the soft metals. Then a thick aluminum (soft metal) layer, around 1500-
2500 A, is evaporated onto each chromium layer. After fabricating the aluminum layer, a
thick Au layer of around 500-1000 A is evaporated onto the top of Al layer. Here Al
layers can be replaced with thicker Au layers. These two types of configuration diffusion

bonding will be examined and mentioned later.

After removal from the vacuum evaporation chamber, the additional Au layers of
the LN with Cr/Au electrode and the Au layer on top of the steel substrate should be
placed in contact with each other in a diffusion bonding unit, as shown in Figure 6.10, as
soon as possible to prevent further contamination or oxidation. The sample assembly is
almost the same as in Figure 6.11, except that a titanium sheet and an additional steel
block were placed onto the LN UT. The additional steel block was applied to decrease the
temperature transition inside the LN crystal. The LN UT has a Cr/Au top electrode, so
that diffusion bonding might occur between the Cr/Au top electrode of the LN and the
additional steel block, which would not be desirable. Titanium is more difficult to diffuse
into steel than gold; thus it can suppress the bonding between the LN and the additional
steel block.
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LN crystal

Au layer

Al (or Au) layer

Cr layer
Steel substrate
Steel substrate

Figure 6.11 An exploded view showing the components before the diffusion bonding
process.
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Pressure is applied to the clean mating Au surfaces to establish contact. It is
believed that the pressure produces several effects; first, it breaks up and removes brittle
surface oxidation and contamination. Second, it brings the mating surfaces close, so as to
enhance the actual contact and atomic interaction. Third, it activates the subsequent
diffusion. When the pressure exceeds the yield strength, the surface crystals are brought
to within the atomic distance in the lattice, so that actual contact is established. The
concept of actual contact is broad; even when the surface crystals are brought to within
the atomic distance in the lattice, the surface crystal does not produce a permanent and
continuous crystalline structure. An electric contact is any mechanical contact between
two mating surfaces which can conduct an electric current. For acoustic purposes, the
contact must be much better than an electric contact, for ultrasound to penetrate through
the contact, indicating that for acoustic contact, higher pressure is required than for

electric contact.

The atoms in crystals are in a constant vibratory motion about their equilibrium
positions in the lattice. As the temperature of the material increases, the amplitude of the
motion in the lattice also increases. By quantum theory, the energy corresponding to

frequency of energy quantum ¢is given by [141]

_1 hp
v= 2 b+ exp(hg/ Rr)—1 63)

where 2 is Planck’s constant, R is Boltzman’s constant, and 7 is the absolute

temperature. The increase in amplitude raises both the kinetic and the potential energy of
the atoms, and leads to disordered atomic structure in the case of metals. The most
important effect of heating is to increase the rate of diffusion. Raising the temperature
stimulates the re-distribution of atoms on the mating surfaces, brings the atoms close to
each other, promotes the removal of various lattice defects in the bonding zone, and
increases the rate of diffusion. It has been found empirically that at low temperature, the
resulting bond is good even with a low diffusion rate. By heating to a temperature lower

than the recrystallization point but sufficient to bring atoms to diffusion, there is a slowly
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progressive recrystallization which is responsible for forming shared grains in the

| bonding zone of similar metals. This is an essential fact for diffusion bonding [141].

Therefore, high pressure and relatively low temperature were applied to the steel
substrate, and these conditions were maintained for a relatively long period. The pressure,
temperature and holding time used in the experiments were 67500 kilopascal, 300-350°C,
and 6 hours, respectively. As mentioned before, two types of diffusion bonding, Cr/Al/Au
and Cr/Au inter layers, were examined. A bonded sample is shown in Figure 6.12. Both
types look similar, except that the samples using Cr/Al/Au inter layers include a purple
colour in the gold, indicating that aluminium diffuses into the gold layer. Ultrasonic
signals reflected at the bottom of the 12 mm thick steel substrate are shown in Figures
6.13 and 6.14 in the time domain at 300°C. L" is the nth echo reflected from the bottom of
the substrate. Signal strengths of both types for L! were almost the same, and 20 dB
higher than that of a BIT/PZT HTUT; SNR was about 30 dB and 20 dB, respectively,
lower than that of the BIT/PZT HTUT. Therefore, for high temperature experiment, this
type of HTUTs can be used as complementary probes to sol gel sprayed composite thick
film HTUTSs because of high piezoelectric strength. However, further research is required
to reduce the noise due to ringing effect that most likely comes from the incomplete
bonding. Figure 6.15 and 6.16 show the frequency spectrum of the L' signal in Figure
6.13 and 6.14, for Cr/Al/Au and Cr/Au interlayer, respectively. Their center frequencies
were about 5 MHz, and the 6 dB bandwidths were about 4 MHz, indicating that these two
HTUTs with broad bandwidth were realized.

Figure 6.12 A diffusion-bonded LN HTUT.
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Figure 6.13 Time domain of ultrasonic signals obtained from the sample gold- and
aluminium-diffusion bonded at 300°C.
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Figure 6.14 Time domain of ultrasonic signals obtained from a sample gold diffusion-
bonded at 300°C.

149



7~ T
=1
=
=r 1 7]
. | L
2
2| |
< |
A
gl |
= |
=
: L -
=
E = -
<]
0 5 10
Frequency (MHz)

Figure 6.15 Frequency domain of ultrasonic signals corresponding to Fig. 6.13.
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Figure 6.16 Frequency domain of ultrasonic signals corresponding to Fig. 6.14.
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During raising and holding the temperature at elevated conditions, the signal
seemed to be stable, and even had a few dB better SNR than that at room temperature.
However, when the temperature is above 500°C, ultrasonic signals were significantly
weakened, indicating that because of thermal expansion mismatch, good bonding was
lost. Therefore, this type of HTUT currently operates below 300°C. After 140 thermal
cycles between room temperature and 300°C, signal strength reduced by only 1 dB as

shown in Figure 6.17.
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Figure 6.17 Durability test for a diffusion-bonded LN HTUT under thermal cycles
between room temperature and 300°C.

Effects of the difference in thermal expansion coefficients between crystal and
metal may be minimized by placing several layers between the substrate and the crystal.
If the difference in thermal expansion coefficients between cach layer is small, the
interface stress also becomes small. The graded alpha technique shown in Figure 6.18 can

reduce mismatch by incorporating layers of different thermal coefficients; interface stress

may be minimized if the layers are properly designed [139].
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Figure 6.18 Graded alpha technique designed to reduce thermal expansion coefficients.

The thermal expansion coefficient « is the first order thermal expansion
coefficient. According to reference [136], the thermal expansion coefficient ¢ of lithium
niobate is about 1.5 x 10”. Thermal expansion coefficients of typical metals are shown in
Table 6.2; thermal expansion coefficients « of alloy steels and gold are also around 1.5 x
107 and 1.4 x 10”, respectively, and agree well with that of lithium niobate. The
chromium layer is negligible, since it is much thinner than other layers. Aluminum has a
higher value, 2.5 x 10, and may not be suitable since the aluminum interlayer can give
high interface stress. However, the SNR of a sample using Ct/Al/Au interlayer was 10 dB
better than with Cr/Au interlayer, as shown in Figures 6.13 and 6.15. Inter-diffusion
between gold and aluminum may improve the bonding strength; alternative material

candidates for aluminum include copper, nickel, titanium, etc.
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Table 6.2: Thermal expansion coefficients o of typical metals

Material High side of | Low side of
a(x10°) | a(x107)
Zinc & its alloys 3.5 1.9
Lead & its alloys 2.9 2.6
Aluminum & its alloys 2.5 2.1
Tin & its alloys 2.3
Silver 2.0
Stainless steels 1.9 1.1
Coppers 1.8 1.4
Nickels & its alloys 1.7 1.2
Alloy steels 1.5 1.1
Gold 1.4
Titanium & its alloys 1.3 0.9
Palladium 1.2
Platinum 0.9
Molybdenum 0.6 0.5
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6.4- Summary

Brazing and diffusion bonding were tried to establish permanent acoustic bonding
between a lithium niobate single crystal and a steel substrate to obtain HTUT with high
signal strength. In brazing, the brazing filler metal, a kind of silver-copper alloy, was
inserted between a lithium niobate crystal and a steel substrate, and then they were heated
inside a vacuum furnace to around 900°C. The brazed sample demonstrated broadband
characteristics at temperatures up to 460°C; for example, the center frequency was around
13 MHz, 6 dB bandwidth around 10 MHz, and the SNR about 20 dB. Further research is
required to improve signal strength and the fabrication yield. In diffusion bonding, upon
each surface of the lithium niobate and steel substrate, a thick gold layer or thick
aluminum/gold layers were deposited; thin chromium layers were used for adhesion.
After fabricating the interlayers, temperature of 300-350°C, and high pressure of 67,500
kilopascal were applied for 6 hours. The diffusion bonding sample also demonstrated
bfoadband characteristics; for example, the center frequency was around 10 MHz, and the
6 dB bandwidth also 10 MHz, up to 350°C. This HTUT has a higher signal strength by 20
dB than sol gel HTUTs; the SNR was around 20-30 dB. Further research is required to
improve the SNR and raise the operating temperature. Experimental results indicate that
the performance of the HTUTs made by brazing technique, at present, is inferior to that of
the sol gel sprayed BIT/PZT composite film HTUTs. The expected applications of the
fabricated HTUTs by diffusion bonding can be similar to those presented in Chapter 4

and Chapter 5 involving flat surfaces.
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Chapter 7

Conclusion

7.1- Thesis summary

This thesis began by introducing the need for NDE of metals and on-line
monitoring of industrial material processes. The objective of this thesis was to develop
broadband piezoelectric HTUTs for these applications and two methods were used. The
former one was sol gel sprayed HTUTs, and the latter one was LN single crystal
permanent bonding onto a steel substrate using brazing or diffusion bonding technique.
Both types of HTUTs had been used for ultrasonic measurements at elevated

temperatures.

The original features of sol gel type HTUTs presented in this thesis were film
fabrication method, material selections, poling method and electrode materials.
Previously sol gel type HTUTs were made by spin coating and they had exhibited
broadband HTUT characteristics without couplant nor backing material [67-69]. However,
spin coating technique used was not practical for industrial purpose, because it was
difficult to fabricate HTUTs on the curved surfaces such as a barrel for micro-molding,
and on the relatively large and odd shape’s substrate such as an extruder adaptor for
polymer extrusion. This problem had been solved by selecting spray coating technique as
the film fabrication method. As sol gel composite materials, in addition to PZT/PZT and
LT/PZT, which had been already tried at Queen’s University [68,69], BIT/PZT and
BIT/BIT were investigated in this thesis. BIT/PZT had demonstrated the excellent
ultrasound characteristics at elevated temperature up to more than 450°C. Corona
discharge poling had been used to achieve the piezoelectricity instead of the traditional
poling. Since corona discharge poling does not require the top electrode, thus the poling

at elevated temperature and/or for relatively large area can be accomplished without
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dielectric breakdown. Top electrode was made of silver paste or vacuum sputtered

platinum film.

The commercially available piezoelectric powders, BIT, PZT or LT powders were
dispersed into PZT, alumina, and BIT precursor. In order to assure the uniformity of the
composite solution, ball milling was operated and fine powders of which particle size was
less than 1 pm were obtained. The composite solution was sprayed onto substrates by an
air gun. The heat treatments up to 650°C were processed for the deposited films to
crystallize the sol gel phase. The spray coating and heat treatments were repeated until the
desired thickness for the desired frequency was obtained. After that, the corona discharge
poling was operated to align the domain direction of the piezoelectric powders. Finally,
the silver paste or platinum top electrodes were fabricated and the fabrication of HTUTs

was accomplished.

The important properties for piezoelectric UTs are electromechanical coupling
coefficient, dielectric constant, piezoelectric constant, and density. Properties of each film,
PZT/PZT, PZT/AL,O3, LT/PZT, BIT/PZT and BIT/BIT were experimentally obtained.
One of the important properties for piezoelectric UTs 1is thickness mode
electromechanical coupling coefficient k. Recently resonance spectrum method was
reported and simulation results for PZT/PZT films on stainless steel substrate were
demonstrated [111,112]. In this thesis, the experimental measurement of k; was tried for
PZT/PZT film on steel substrate using this resonant spectrum method. Ultrasonic
performances at room temperature and elevated temperature was examined for each sol
gel film. BIT/PZT had mainly demonstrated the highest operation temperature among the
tested materials, up to more than 450°C, and broadband characteristics with high SNR.
For example, the center frequency, the 6 dB bandwidth and SNR for the first round trip
echo reflected from a 12 mm thick steel substrate using BIT/PZT HTUT was 8.5 MHz,
4MHz and 34 dB, respectively. Therefore BIT/PZT had been mainly chosen as the
material of HTUTs for NDE of metals, ultrasonic surface and sub-surface imaging at high

temperature, and on-line industrial material process monitoring.
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The experimental values of relative dielectric constant were compared with
theoretical values of cube model as in several previous papers [107,147]. The calculated
values of dielectric constant were significantly affected by volume % of pores. The
volume % of the pores in sol gel sprayed film was estimated as around 20 % from this
result. It confirmed the effectiveness of the cube model for sol gel sprayed composite
materials. Therefore if the precise data are aVailable such as elastic compliance,
piezoelectric constant, Poisson’s ratio, efc. of the pure sol gel film, the cube model could
simulate the values precisely not only the dielectric constant but also ds; and £;. It would
be useful for the material selection and the decision of the volume ratio of powder over

sol gel.

Using the developed sol gel spray coating technique, several kinds of piezoelectric
sol gel composite films, such as BIT/PZT, LT/PZT, PZT/PZT, BIT/BIT and PZT/Al,03
40-200 pm films, in the range of 3-30 MHz, were directly fabricated on various surfaces,
such as metal plate, concave and convex cylindrical surfaces, concave and convex
spherical surfaces, and thin metal sheets and foil. This indicated that they could work as
embedded or integrated sensors in materials and structures, because the piezoelectric
materials could be sensors and actuators at the same time. NDE of metals at high
temperature were tried using sol gel type HTUT and the extent of the defect in metal
substrate could be observed at 440°C. Immersion type HT probe using BIT/PZT film
were immersed into the molten zinc at 450°C for thickness measurement. The reflected
echoes from the front side and the backside of a steel plate inside the molten zinc were
successfully obtained. Ultrasonic surface and sub-surface imaging in water at room
temperature and in silicone oil at 200°C were also carried out. The scanned ultrasonic
front- and sub-surface images taken by the fully immersed focused probe showed good

resolution.

HTUTs for on-line monitoring several industrial polymer material processes, such
as extrusion, injection molding and micro-molding were tried. For polymer extrusion of
high-density polyethylene (HDPE) and low-density polyethylene (LDPE), BIT/PZT and
LT/PZT HTUTs were fabricated onto the surface of the extrusion adaptor respectively,
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where the surface temperature was 190°C. They had demonstrated the capability of
monitoring the barrel wear and screw status, which are important to keep the extrusion
product quality and the production efficiency. For injection molding of polycarbonate
(PC), four BIT/PZT HTUTs were fabricated onto the steel substrate and they were
integrated into mold insert. The mold temperature and melt temperature were set as
120°C and 320°C, respectively. The signals through the polymer melt were obtained in
real-time from four different points so that real-time on-line monitoring of filling
completion was successfully demonstrated. Even 1 % lack of filling was clearly detected.
For micro-molding of polyethylene (PE), BIT/PZT transducers were fabricated onto the
barrel and the mold insert to monitor the entire process. The real-time monitoring was
demonstrated at the barrel. The velocity change during the solidification of the polymer
melt was measured at mold insert. The velocity of the polymer melt increased linearly as
its temperature decreases. This result had good agreement with previous static ultrasonic

system.

The establishment of rigid acoustic bonding at high temperature was tried between
LN crystal with Cr/Au top electrode and steel substrate. Two methods were used in this
thesis, brazing technique and diffusion bonding technique. In brazing technique, brazing
filler metal was inserted between LN crystal and steel substrate, and the assembly was
heated up around 900°C inside a vacuum furnace. A sample showed broadband
characteristics. For example, the center frequency, the 6 dB frequency and SNR are
13MHz, 10 MHz and >20dB, respectively. And they could operate up to 400°C. The
optimum conditions for the brazing process should be improved in the future to improve
the signal strength and the reproducibility. In the diffusion bonding technique, thick Au or
Al/Au films were fabricated onto the both surfaces of LN UT and steel substrate. Then
they were heated to temperature of 300-350°C, and pressed under a pressure of 67500
kilopascal for 6 hours. As a result, HTUTs showed the broadband characteristics, for
example, the center frequency, the 6 dB frequency and SNR are SMHz, 4 MHz and 30dB,
respectively. They presented excellent stability under thermal cycling between room

temperature and 300°C. After 140 cycles, the signal strength deterioration was only 1 dB.
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This type of HTUTs had 20 dB higher signal strength than that of sol gel thick

BIT/PZT film HTUTs.

7.2- Claims of originality

The original research contributions of this thesis have been mentioned in different

chapters. However, for the convenience of the reader, they are outlined below.

BIT/PZT sol gel composite was developed. To my knowledge, this material is
reported for the first time. BIT/PZT sol gel composite was sprayed onto various
materials, such as steel, stainless steel, aluminum, copper, nickel, and titanium
substrates. Especially BIT/PZT sprayed thick sol gel film HTUT has high
operation temperature more than 450°C with high SNR (up to 40 dB), broad
bandwidth at operation frequency range between 2-30 MHz and acceptable signal
strength.

Spray coating, corona poling, and silver paste top electrode were selected during
fabrication processes instead of traditional methods, such as spin coating, direct
high DC voltage poling, and sputtered or evaporated top electrode. These changes
enabled fast and easy fabrication of HTUT onto flat and curved surfaces. With
these fabrication processes, BIT/PZT HTUT showed the durability for 180 heat
cycles between room temperature and 250°C. There is no report to use these

processes for HTUT fabrication.

Immersion HT probes were developed. Thickness measurement in molten zinc at
450°C and acoustic imaging in silicone oil at 200°C were successfully
demonstrated. It seems that there is no commercially available immersion HT

probe with a SNR more than 30 dB.
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HTUTs were fabricated onto mold inserts of injection molding and micro-
molding machine. Filling completion of injection molding was successfully
demonstrated by this system. It is also shown that sol gel HTUTs have the
capability to monitor the entire process in real-time, non-destructively and non-

invasibly.

HTUT by diffusion bonding between LN single crystal HTUT and steel substrate
was developed. This type of HTUT can operate up to 300°C with high signal
strength (20 dB higher than BIT/PZT sol gel film HTUT), high SNR (about 30
dB), and broad bandwidth (center frequency: 5 MHz, 6 dB bandwidth: 4 MHz).
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APPENDIX A

Predicting the properties of piezoelectric composite materials is important for
material selection. A cube model for composite materials, proposed by Pauer and
modified by Banno [148], is suitable for sol gel composites. Finite element [149,150] and
matrix [151] methods would be also useful tools for simulating composite material
properties. In this chapter, an average method [148,152] is chosen to simulate properties
of sol gel sprayed composite materials, because reliable properties of pure sol gel
materials are not available. Simple calculations by averaging should be adequate to
predict the tendency of their properties. Modeling of composite materials in many studies
mainly focused on ceramic/ polymer composites and only a few dealt with
ceramic/ceramic composites, which is of interests in this thesis. It is reported that
dielectric constants of PZT/PZT composite materials estimated by the cube model show
reasonable agreement with experimental results [148]. However, the existence of pores in

the composite film was not taken into account, and may exert significant influence.

This section discusses theoretical considerations for the dielectric constant of
ceramic-ceramic composite materials with pores; then the theoretical values are compared

with experimental values for PZT/PZT, LT/PZT, and BIT/PZT.

When Newnham er al. classified piezoelectric composites according to
connectivity [152], they introduced series and parallel connection models to calculate the

properties in simple linear systems, one-dimensional solutions, as shown in Figure A.1.
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Figure A.1 Schematic representations for (a) parallel and (b) series models.
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For the parallel model, the dielectric constant & is summarized as the following

[69,152]:
&, =B, ¢+ B, &} (A1)

where By is the volume fraction, designating phase 1 with superscript 1, and phase 2 with
superscript 2. And conversely, for the series model, the following equations are given [69,

152]:
1/e,=B,' /&) +B," | s} (A2)

The cube model was proposed by Pauer [67], to obtain 0-3 composite properties
using parallel and series equations. A schematic representation of 0-3 composites and a
unit cell of 0-3 composite are shown in Figures A.2 and A.3, respectively. In the case
where phase 1 (for example, powder) is spherical and O self-connectivity, and the
distribution into phase 2 (for example, sol gel) is uniform, phase 1 and phase 2 compose
the cubic unit cell, divided into 3 parts which exist in a combination of series and parallel
phases. First the series characteristics are calculated for block 1. Then the parallel

characteristics are calculated for the composite of block 1 and block 2. Finally the parallel
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characteristics for the composite of block 3 and the remaining parts, block 1 and block 2,
are calculated as whole material characteristics. This calculation resembles the average
method, and requires only the dielectric constant & and volume ratio of each phase to
obtain the & of the 0-3 composite material. Since it is relatively difficult to obtain precise

elastic information for sol gel thin films, this method appears suitable.

Phase? Phase 1
I I

¥ -

Figure A.2 Schematic representation of 0-3 composite.

Block2  Block 1

Figure A.3 Schematic representation of unit cell models for 0-3 composite material.

Sol gel composite films may be considered as a 0-3 composite material. If it is
assumed that the piezoelectric powders are not connected each other in any direction, and
dispersed into the sol gel phase homogeneously, the powder and sol gel phases
correspond to phases 1 and 2, respectively as shown in Figure A.2. This model is simple,

but it can predict dielectric, elastic, and electromechanical properties. In previous works,
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theoretical values from the cube model show reasonable agreement with experimental
values concerning the dielectric constant of PZT/PZT and LT/PZT [70,107]. However,
the phase of the pores was not included and estimated. This effect may not be ignored,
especially in the case of the sol gel spray technique, which introduces plenty pores. If it is
assumed that spherical pores are dispersed throughout the PZT sol gel homogeneously, a
PZT sol gel can be considered as consisting of an 0-3 composite like a pore/PZT sol gel
(Phasel/Phase2). Then the piezoelectric powder and pore/PZT sol gel 0-3 composite
organize the 0-3 composite as a powder/PZT sol gel with pores. In this way, it is
anticipated that the existence of the pores is taken account of, and the accuracy of the

calculation value may be improved.

In order to demonstrate the effectiveness of considering pores in a sol gel spray
coating film, the relative dielectric constant g of the 0-3 composite between alternative
powder and PZT sol gel, such as PZT/PZT, LT/PZT and BIT/PZT were calculated in two
ways, a simple cube model ignoring the existence of pores, and a double cube model
including the existence of pores, with experimental data as referenced in Figure A.4. The
volume ratio between the powder and the PZT sol gel was estimated at 75% from
calculation using the mol % of the recipe and the densities. It was assumed that all
composite materials in this section, PZT/PZT, LT/PZT, and BIT/PZT, have the same
volume fraction of pores, 20 % and 40% of the whole composite material in the later
calculation method. The simulation was carried out using the LabView program. It is
clear that volume % of pores gives significant influence onto the dielectric constant.
When the volume % of pores was set as 20 %, the simulation result showed good
agreement with experimental result. Therefore the volume % of pores may be predicted

by double cube model.
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